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Abstract
The demand for more efficient and smaller sized electronic devices with increased
functionality has driven the semiconductor industry for decades. Most of the
information processing and electrical circuitry has been based on the complementary
metal oxide semiconductor (CMOS) devices until the recent years. The miniaturization
of these devices, however, has reached its functional limit and newer ways are required
to keep up with the increasing demands, computing becoming vastly used and even
more relevant with the changing world. To overcome this problem, many approaches
have been taken to upgrade the present electronic and computing devices including
multi-core processing and the incorporation of new materials. This manoeuvre towards
the modern digital logic technologies beyond CMOS has been striving for the
technological advancement in the modern electronics.
Topological materials are the quantum materials with linear electronic distributions and
protected edge/surfaces states where electrons can move without back scattering.
Therefore, zero or low energy loss and high speed electronic devices can be fabricated
by using topological materials. This makes them a perfect choice for use in modern,
beyond CMOS, electronics and computing. Topological insulators with insulating bulks
and conducting surfaces and topological semimetals with conducting bulks and uniquely
conducting surface states have been extensively investigated for their exotic transport
properties like quantum anomalous hall effect, chiral anomaly, high magnetoresistance,
ultra-high mobility and super-fast on/off switching rates.
This dissertation explores the magnetic and electrical transport properties of topological
semimetals/insulators characterized by Chern invariant that can be applied in the
modern computing and topological electronics. Topological materials MoSi2, Mn3Sn,
Mn3Ge and MnBi2Te4 are the prime focus of this study. The approach of comparison of
these properties in bulk single and poly- crystalline and thin film form is applied to
investigate the differences between the bulk and Pulsed Laser Deposited (PLD) thin
films. The effects of substrates on the growth and transport properties of these films, the
response in externally applied magnetic field at different temperatures and the variation
of magnetization with the applied fields at various temperatures are also addressed and
analysed.
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In this work, MoSi2 with a high magnetoresistance of 103% in bulk and the textured
films on the silicon substrates showing the effects of weak anti-localization behavior at
lower temperatures reveal the strong spin orbit interactions (SOI) in this material. The
first principles calculations performed for MoSi2, show the presence of the surface
states and confirm the strong role of SOI in MoSi2 leading to the non-trivial electrical
transport features.
Topological antiferromagnets combine the topological and spintronics phenomena due
to the presence of special symmetries and large anomalous magnetic transport behavior.
The anomalous Hall effect due to the Berry curvature of the Weyl nodes and a display
of anomalous hall conductivity makes these materials fascinating for exploring their
properties in depth and using them in switching devices. Two of such fascinating
topological antiferromagnets Mn3Sn and Mn3Ge are investigated in detail for the
magnetic, longitudinal and transverse transport properties of their polycrystalline thin
films and bulk. Anomalous Hall effect is observed for the polycrystalline thin films of
both the materials with Mn3Sn exhibiting a large anomalous Hall conductivity of
65(Ωcm)-1 at 3K (>60(Ωcm)-1up to 20K). Such large anomalous Hall conductivity has
not yet been reported for Mn3Sn thin films. The analysis of the anomalous Hall effect
for Mn3Ge thin films dictates towards its intrinsic origin arising from the non-trivial
band structure of the material.
Thin films of the extensively investigated magnetic topological insulator MnBi2Te4 are
also deposited through PLD for the first time. In current literature, no reports so far
show successful deposition of these films through PLD technique. The gap opening in
the band structure due to the magnetic order in an otherwise gapless Dirac dispersion of
the electronic states leads to the chiral edge channels if the Fermi level lies inside the
band gap.
The transport features of these unique materials provide an insight into their use in the
modern electronics such as switches, transistors, and other electronic devices to
minimize the heat losses in nanoscale quantum technologies. The protected states in
these materials prevent the backscattering of electrons, eradicating dissipation, and
enhancing the transport and switching properties as compared to conventional
semiconductors. This will revolutionize the field of electronics and computing and will
be able to cater the ever-increasing needs of fast and efficient devices in the industry.
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AFM
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Thouless, Kohmoto, Nightingale and den Nijs
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3D
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Physical Property Measurement System
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Spark Plasma Sintering

XRD

X-Ray Diffraction
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Scanning Electron Microscopy

EDS
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Vibrating Sample Magnetometer
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Weak Anti-Localization
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Spin Orbit Coupling

SOI

Spin Orbit Interaction
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SrTiO3
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Si

Silicon

DFT

Density Functional Theory

VASP

Vienna Ab-Initio Simulation Package

LMR

Linear Magnetoresistance

Pt

Platinum

Mn

Manganese

ZFC

Zero Field Cooling

FC

Field Cooling
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Figure 1.1: Electronic structures of: a) Type-I WSMs, The Fermi energy, (shown
by the dashed line), crosses the nodes which is otherwise in the gap between the
two touching bands. b) Type-II WSMs, the electron and hole pockets touch each
other at the Weyl points.
Figure 1.2: Weyl points in the bulk Brillouin zone of a WSM and the Fermi arc
on the surface. Pair of Weyl points with opposite parity are shown with spin
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Figure 1.3: Coupled-layer model of a Weyl semimetal. Magnetically doped TI
layers are coupled through insulating layers. The tunneling amplitude between
neighboring TI layers is ΔD.
Figure 1.4: Dirac to Weyl: a) Breaking time-reversal symmetry in Na3Bi Dirac
Semimetal. Each Dirac cone is split into a pair of Weyl cones. b) This splitting of
the Weyl nodes increases with the intensity of the driving field.
Figure 1.5: Evolution of bulk band structure, with a change of the parameter “m”
for inversion-asymmetric case.
Figure 1.6: Crystal structures of some Weyl Semimetals. a) Body centered
tetragonal structure of TaAs, NbP and NbAs. b) Crystal structure of GdPtBi that
consists of three interpenetrating fcc lattices. c) Pyrochlore-Iridate crystal
structure showing the Ir tetrahedral sharing. d) Layered crystal structure of
TaIrTe4. e) The orthorhombic crystal structure of MoTe2 and WTe2.
Figure 1.7: Explanation of the chiral anomaly of Weyl fermions in externally
applied parallel magnetic and electric fields: Top) The energy dispersion for the
left and the right-handed fermions in equilibrium with a magnetic field. Black
dots show filled states while the white ones represent the empty ones. Bottom)
The same dispersion in the presence of an electric field, parallel to the magnetic
field. All states are displaced in momentum space from their equilibrium position.
As a result, right-handed and left-handed antiparticles are produced.
Figure 1.8: Magnetoresistance measured at different rotating angles for a) TaAs
b) NbAs c) WTe2 d) Ga doped NbP
Figure 1.9: High magnetoresistance in WP2 and MoP2 at different
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temperatures.
Figure 1.10: Transverse magnetoresistance for: a) WTe2, measured at different
angles at 4.5K. b) NbP at different temperatures. Oscillations can be observed at
higher fields and low temperatures.
Figure 1.11: Quantum Oscillations from the Fermi Arcs a) Semi-classical orbit in
a magnetic field with surface states giving rise to quantum oscillations in a finite
thickness slab. b) Bulk Landau Level spectrum for a chiral Weyl node. c) Periodic
in 1/B oscillations in the density of states due to quantization of the orbits.
Figure 1.12: Surface-bulk correspondence in TaAs calculated by ARPES.
Figure 2.1: Vertical Molysili Furnace used in this study.
Figure 2.2: a) The “Thermal Technology-LLC” equipment used for Spark Plasma
Sintering in this work. b) Schematics for the vacuum chamber of the SPS.
Figure 2.3: a) Equipment used for Pulsed Laser deposition in this study. b)
Schematics for the PLD vacuum chamber.
Figure 2.4: GBC-MMA equipment used for X-Ray diffraction in this work.
Figure 2.5: Schematics for the working principle of an Atomic Force
Microscope.
Figure 2.6: Schematics for the working principle of Scanning Electron
Microscope.
Figure 2.7: Struers Accutom-50 equipment model.
Figure 2.8: Schematics of sputtered gold contacts geometry for: a) longitudinal
electrical transport measurements. b) Simultaneous measurements of Hall effect
and longitudinal resistivity.
Figure 2.9: Schematics for the sputter coating set up inside the vacuum chamber.
Figure 2.10: Sample holder puck for longitudinal, transverse and rotational
electrical measurements on PPMS.
Figure 2.11: Quantum Design- Physical Property Measurement System-14T and
Vibrating sample magnetometer equipment used in this study.
Figure 3.1: Crystal structure of tetragonal MoSi2. a) The unit cell for body
centered tetragonal crystal structure of MoSi2. b) Primitive cell for MoSi2 crystal
structure c) Unit cell showing (110) and (001) planes of MoSi2.
Figure 3.2: X-Ray Diffraction images of MoSi2 samples: a) MoSi2 film on (100)
LaAlO3 b) MoSi2 film on (001) SrTiO3 c) (001) MoSi2 film on Si (101) d) (110)
MoSi2 film on Si (111) e) (110) MoSi2 film on Si (100) f) MoSi2 ingot powder.
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The peaks for polycrystalline ingot show a pure and clean phase of MoSi2. Si
(100) and Si (111) favor the growth of (110) direction of MoSi2. The oxide
substrates, however, show a polycrystalline, but a single-phase deposition.
Figure 3.3: Atomic Force Microscope images of MoSi2 (001) film. a, b) AFM
height scans of MoSi2 (001) orientation thin film of 1μm2 and 2 μm2 area. c, d)
AFM phase of MoSi2 (001) orientation thin film of 1μm2 and 2 μm2area
respectively.
Figure 3.4: Scanning Electron Microscopy images of MoSi2 thin films. a) Cross
sectional SEM image and line analysis of MoSi2 (110) film on Silicon substrate
showing the element distribution w.r.t distance. Cross-sectional SEM images and
EDX analysis of b) Polycrystalline MoSi2 film on LAO substrate c) (110) MoSi2
film on Si substrate.
Figure 3.5: Resistivity vs. temperature measurements for MoSi2 samples. RT
curves for MoSi2 (110) and MoSi2 (001) thin films, pellet, ingot and single crystal
samples are shown in the figure. The resistivity of thin films shows a behavior
different from the bulk counterparts, with a little variation in the resistivity with
increasing temperature.
Figure 3.6: MR of MoSi2 bulk samples. a) MR of MoSi2 single crystal. b) MR
of MoSi2 polycrystalline pellet.
Figure 3.7: MR of MoSi2 thin film samples. a) MR of MoSi2 (001) film on Si
(101) b) MR of MoSi2 (110) film on Si (111) c) MR of MoSi2 (110) film on Si
(100).
Figure 3.8: MR vs B2 plots and the linear fits for MoSi2 a) Single crystal sample
b) Pellet and c) (001) oriented film on Si (101) substrate at higher temperatures,
showing the quadratic nature of MR.
Figure 3.9: The Electronic structures of MoSi2. a) Band structures with (w) and
without (wo) spin orbit coupling b) The density of states profile for Mo and Si
atoms at different energies c) Zoomed in band structure in a low energy range
showing gap opening at Z point with the inclusion of SOC d) Brillouin Zone for
MoSi2 showing high symmetry points.
Figure 3.10: Surface states, Fermi arcs and Spin textures for MoSi2. a) Surface
states projected along the x-axes. b) Fermi arcs projected along the 𝑋𝑋′ − 𝛤𝛤 − 𝑋𝑋

path in the first Brillioun Zone along with the corresponding c) Spin textures
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around the 𝑋𝑋′ − 𝛤𝛤 − 𝑋𝑋 point.

Figure 3.11: Surface states, Fermi arcs and Spin textures for MoSi2 along the Γ
point

Figure 3.12: HLN equation fitting (green) on the magneto-conductivity (blue) of
the MoSi2 (110) film on Si (111) substrate at 3K.
Figure 3.13: The comparison of density of states for pure MoSi2 with the added
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Figure 3.14: The Hall resistance graphs for textured and polycrystalline MoSi2
films.
Figure 3.15: The MR mobility calculated for thin film, pellet and crystal
samples of MoSi2.
Figure 4.1: Basal plane for Mn3Sn crystal-Kagome lattice of Mn atoms at the
corners of the hexagon and Sn atoms at the center. Arrows show the spin
orientation.
Figure 4.2: XRD scans of Mn3Sn films deposited on different substrates. The
top panel shows the XRD scan for powdered Mn3Sn polycrystalline powder.
Other panels show the films deposited on SiO2, STO and YSZ substrates.
Figure 4.3: The longitudinal resistance measurements for Mn3Sn film deposited
on Silicon. a) The change in longitudinal resistance with the temperature from
300K to 3K. The inset shows the zoomed in change in resistance from 8K to 2K,
showing that the resistance starts to drop to zero at 4.5K. b) The change in
resistance with the applied magnetic field at lower temperatures.
Figure 4.4: The change in resistivity with the temperature for another sample of
Mn3Sn thin film deposited on Silicon substrate. The inset shows the change in
resistivity from 2.5K to 6K at different applied fields.
Figure 4.5: SEM images and EDS analysis for the Mn3Sn films deposited on Si
substrate showing superconductivity in the transport measurements. The figure
shows the electron image, the layered EDS image and the EDS images showing
Si, Sn and Mn elemental EDS.
Figure 4.6: The XRD patterns obtained through the SEM showing the scans for
spectrums 4, 5 and 6 as mentioned in the electron image of figure 4.5
Figure 4.7: The surface SEM and EDS imaging for another Mn3Sn film sample
on Si substrate showing superconductivity in transport. Figure shows the electron
image, the layered EDS and the elemental EDS for Si, Mn and Sn. The
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microstructures on the films show that they contain both Mn and Sn excluding the
possibility of suspended Sn particles.
Figure 4.8: The XRD for the figure 4.7 along with the atomic percentages of the
elements in the map sum spectrum.
Figure 4.9: Experimental set up for the Synchrotron measurements. Sample’s
position at normal incidence of the X-rays.
Figure 4.10: Near edge X-Ray absorption fine structure spectroscopy results for a
small area chosen on a superconducting Mn3Sn thin film sample.
Figure 4.11: XRD images for bottom) Mn3Sn polycrystalline powder from the
prepared target for thin film deposition. Top) Mn3Sn thin film deposited on Al2O3
substrate with 5nm Pt coating.
Figure 4.12: Cross- sectional SEM image of Mn3Sn film on Pt coated Al2O3.
Figure 4.13: Variation in the longitudinal resistance with the change in
temperature for Mn3Sn polycrystal.
Figure 4.14: Magnetic measurements for Mn3Sn polycrystal a) Change in
magnetization with temperature Field cooled warming and Field cooled cooling
conditions in the field of 0.2T. b) Variation in the magnetization with the applied
field of up to 4T for Mn3Sn polycrystal. Inset shows the zoomed in view of the
magnetization loops. The coercivity remains < 0.05 T at 10K.
Figure 4.15: Longitudinal Resistivity measurements for Mn3Sn thin films a)
Variation of longitudinal resistivity of Mn3Sn film with the temperature. Inset
shows the schematics for the measurement configuration. b) Magnetoresistance
(MR) of Mn3Sn film at different temperatures from 3 K to 350 K. The MR (%)
remains negative up to the highest measured temperature of 350 K, however, the
magnitude of MR decreases with the increase in temperature.
Figure 4.16: The change in magnetization for Mn3Sn thin film with the applied
magnetic field of up to 2T. The magnitude of the magnetic moment and the
coercivity decrease significantly at the higher temperatures.
Figure 4.17: Hall effect measurements for Mn3Sn thin films
Figure 4.18: a) The change in anomalous Hall resistivity with temperature. b) The
change in anomalous Hall conductivity with temperature. Both the anomalous
Hall conductivity and resistivity decrease almost linearly with the increase in
temperature.
Figure 4.19: The change in anomalous Hall conductivity and resistivity with
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longitudinal conductivity and resistivity for Mn3Sn thin films respectively.
Figure 5.1: Kagome lattice plane formed by Mn atoms with Ge atoms at the
center
Figure 5.2: The XRD patterns for Mn3Ge depositions on different substrates. The
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Introduction & Literature Review
1.1 Overview:
The demand for efficient electronic systems has increased drastically with time. In order
to meet the need of advancing times, scientists have been making great progress in the
enhancement of the electronic transport properties of the materials that can help us
make devices with minimum losses.
In 1965, Moore presented his prediction about the trend of doubling of the number of
transistors in an integrated circuit [1]. Famously, known as Moore’s Law, this worked
well for a few decades, but is now coming to an end as the miniaturization of silicon
based devices has reached its limit. Further thinning of the silicon layers leads to the
quantum mechanical effects like quantum tunneling that causes leakage of currents due
to electrons leaping through barriers. This causes the device to become less efficient,
take more input power and generate a lot of heat. In this post silicon era, invention of
new techniques, designs and processes and innovation in materials and structures is
required. Materials with high electron mobility and a large enough band gap in the
electronic states are being pursued for this purpose. This allows switching from
electrically insulating to conducting states that gives a clear distinction of off and on
states of electronic circuitry. Spintronic devices are also being employed in various
applications as electronic spin provides a further degree of freedom in addition to the
charge of the electron where high processing speeds and large data storage is required.
Dissipation-less transport with fast switching speeds is the ultimate goal of modern day
electronics. Many routes have been adapted to achieve this goal. One of those is the
incorporation of the topological materials in the electronics and spintronic world. The
main focus of this work rests on exploring such materials and studying their signature
transport features that can be used and applied in real devices.
Topology deals with the study of properties of space that do not change under the
continuous deformations or perturbations. Although, their origin is strictly
mathematical, with the passage of time this fascinating field became relevant in
explaining a lot of phenomena in different fields of science including condensed matter
physics. A quantum state is called topological when its electronic wave functions
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possess a distinct character that can be specified by a topological invariant, a discrete
quantity that stays unchanged upon continuous deformations of the system. Materials
realizing such topological order are called topological materials.
Topological materials have attracted interest of physicists in the recent years due to
many interesting characteristics, like robust nature of their transport properties even in
the presence of perturbations, which owes itself to the stability of electronic states in
such a way that the electrons are not backscattered by impurities. The observation of the
Dirac and Weyl fermions, as emergent quasiparticles in condensed matter systems is a
main feature of this class of materials that is mainly comprised of topological insulators
and topological semimetals (or widely called topological metals). Topological insulators
have gapped bulk electronic states like an ordinary insulator but conducting surface
states. Topological semimetals have band-crossings or gapless excitations in their bulk
in a linear energy dispersion. These are mainly divided into two categories: Dirac and
Weyl Semimetals (WSMs).
WSMs are a class of topological materials in which conduction and valence bands cross
linearly at Weyl points or nodes around which electrons act as massless relativistic
particles. This leads to exotic transport features including ultra-high mobility, large
magnetoresistance, anomalous Hall effect and non-conservation of the chiral charge.
These are the materials with either broken time-reversal or inversion symmetries.
After the first experimental realization of the WSM in 2015[2], many materials are
being theoretically and experimentally investigated for the search of these non-trivial
electronic structures. Both magnetic and inversion breaking materials have been
unveiled as WSMs based on transport and electronic structure studies on single crystals.
The focus of this dissertation is to study the magnetic and electronic transport of the
topologically non-trivial Weyl semimetals. The synthesis and comparative study of the
transport properties of polycrystalline bulk and thin films is also included to point out
how the electronic and magnetic behavior of a material might change from its bulk form
to thin film. The effects of different substrates on the growth and magnetic and
electronic transport properties are also highlighted. These growth and transport studies
cognize how these materials can be used in the modern magnetic and electronic devices
of the future.
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1.1.1 Thesis organization:
The thesis is organized as follows:
Chapter 1 starts with a brief discussion of the chronological progression in the field of
topological materials and the merger of topological concepts with condensed matter
Physics. Detailed discussion on the Weyl semimetals and their transport properties is
presented including the theoretical and experimental progress in this field.
Chapter 2 contains the details of the experimental design and equipment used
throughout the project with the details of synthesis of polycrystalline targets and film
deposition. The characterization techniques and the range of parameters for operation
are also discussed.
Chapter 3 is a modified version of our publication “Magneto-transport and electronic
structures in MoSi2 bulks and thin films with different orientations” that appeared in
“Journal of Alloys and Compounds, volume 858, 157670, March2021”. It discusses the
detailed analysis of the synthesis and magneto-transport properties of bulk and thin film
samples of MoSi2. The findings of the first principle calculations and the importance of
spin orbit interactions in this material are also discussed in light of the obtained
experimental results on the specific behaviors of magnetoresistance of different
samples. These samples include MoSi2 single crystal, polycrystal, textured and
polycrystalline thin films.
Chapter 4 gives the experimental details and results for electronic transport and
magnetic studies on Mn3Sn polycrystalline bulk and anomalous Hall effect in thin films.
The optimization for the growth of thin films by depositions on various substrates is
also discussed. The unprecedented observation of superconductivity in some of the
samples deposited on Silicon substrates and the possible origins have been highlighted.
The origin of the observed anomalous Hall effect, it’s variation with temperature, and
results on a large observed anomalous Hall conductivity are presented. The scaling of
the anomalous Hall conductivity and resistivity with respect to the longitudinal
counterparts provides an insight into the anomalous Hall effect being dependent on the
non-collinear antiferromagnetic structure of the material.
Chapter 5 covers the detailed studies on the observation of anomalous Hall effect in
Mn3Ge polycrystalline thin films, magnetic and transport studies along with the study
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on the polycrystalline bulk. The magnetization studies on the bulk polycrystalline
sample depicting the antiferromagnetic exchange coupling of the sub-lattices and the
origin of anomalous Hall effect in the thin films is studied.
Chapter 6 contains the work on the thin films of MnBi2Te4. This material is a
topological insulator in antiferromagnetic and a Weyl semimetal in ferromagnetic state.
The depositions through PLD on SrTiO3 substrates and the observation of the film’s
layered structure through transmission electron microscopy are shown. Some initial
transport measurements of the samples with two different thicknesses for longitudinal
and transverse transport properties and their differences are also discussed.
Chapter 7 summarizes the results obtained in this study with a short discussion on
important future prospects and challenges in the field of Weyl semimetals and the
devices based on these materials.

1.2 Progression in the field of topological materials; Merger of
topological concepts and condensed matter physics:
Hall effect is the production of a voltage transverse to the direction of current in a
conductor in the presence of perpendicular magnetic field. It determines the
concentration and mobility of the charge carriers in a material. In 1980 Klitzing
observed plateaus in Hall conductivity of a 2D electron gas (2DEG) of silicon metal
oxide field effect transistor at low temperatures and high applied fields, quantized in the
units of

𝑒𝑒 2
ℎ

[3]. This effect was explained in terms of formation of Landau levels.

Electrons in 2D follow a cyclotron motion in the presence of perpendicular magnetic
field. When the lifetime is large enough, the cyclotron motion is completed many times
before scattering events. This classical periodic motion leads to degenerate Landau
levels. The degeneracy of these levels increases with the strength of the applied
magnetic field. When the Fermi level lies between the filled Landau levels, this leads to
the observation of quantized Hall conductivity with the integer of quantization being the
number of filled Landau levels.
This observation led to active theoretical research for the explanation of this effect in
terms of topological concepts of gauge invariance. The quantum Hall effect was
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explained in terms of the non-trivia topological properties of the electronic wave
functions. Further studies by Laughlin [4], Thouless [5], Halperin [6],Levin [7] and
Kohmoto [8], to explain the geometric nature of the QHE using topological concepts
described the integer of quantization as a topological invariant in relation to the metallic
edge states with no back scattering of the electrons.. This invariant was termed as
Thouless, Kohmoto, Nightingale and Nijs (TKNN) invariant, winding number, Chern
number or filling factor in different approaches and their relation or equivalence to each
other was specified [9] but it mainly identified the quantization of the Hall conductivity.
The difference was in the explanation of the system with or without edges and its
representation as an integral for the Bloch wave functions over the whole Brillouin zone
or discrete form.
In 1984, Michael Berry presented the concept of addition of a geometric phase during a
smooth evolution of a quantum phase [10]. Based on the concepts of high energy
physics and topology, this concept became highly relevant for condensed matter systems
in explaining the properties arising from the electronic structure or the periodic
potentials of the Bloch bands. Not only it helped in explaining the theory of the
Quantum Hall effect, all physical properties in condensed matter systems arising from
the band structure can also be explained in terms of Berry phase including electric
polarization and orbital magnetization. These Berry concepts will be discussed in
further detail in the coming sections.
In 1988, Haldane presented a toy model for the quantum anomalous Hall effect in 2D
honey-comb lattice arising from the magnetic atoms in the absence of an externally
applied magnetic field [11]. In 2005 Kane and Mele took a step forward to include spin
transport in the quantized Hall effect and theoretically explained the presence of spin
Hall phase and predicted a 2D quantum phase in a system with insulating bulk and
conducting edge states and defined the involved topological invariant as Z2[12]. This
concept of Topological Insulators (TIs), was then further extended to 3D with
explanation of weak and strong robust quantum phases [13].

First experimental

observation of these 2D Topological insulators was made for the quantum wells of
HgTe/CdTe systems in 2007. The experimental observation of 3D TIs followed in 2009
for (Bi,Sb)2,(Te,Se)3 systems [14, 15]. Quantum anomalous Hall effect was
experimentally observed in thin films of chromium doped TI, (Bi,Sb)2Te3 TI in 2013
where the external field is not applied rather coming from the doped atoms [16].
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During this exciting time of the development of the topological concepts in condensed
matter physics, (Murakami and others) worked on topological phase transitions and
explained the topological semi-metallic phase arising as an intermediate transistioning
phase between a normal and a topological insulator [17]. The non-collinear
antiferromagnetic pyrochlore iridates were predicted as time reversal symmetry
breaking topological semimetals with linearly crossing bands in the bulk and robust
surface states 2011[18]. These topological Weyl semimetals which are also the main
focus of this thesis, were first experimentally realized in the inversion symmetry
breaking single crystals of TaAs in 2015 [2, 19].

1.3 Literature Review
1.3.1 Weyl Semimetals:
In 1929, Hermann Weyl developed a relativistic equation for the massless spin ½ chiral
fermions [20]. For a long time, until the discovery of their mass [21], neutrinos were
thought to be the Weyl fermions [22]. In recent times, these Weyl fermions have been
observed as emergent quasiparticles in condensed matter systems. Berry [10]
established that the energy level crossing of the valence and conduction bands can lead
to a point that behaves as a magnetic monopole. This also creates an equivalent of a
magnetic field or “Berry curvature” in the momentum space resulting from the
entanglement of these bands. The topological invariant in this case is the integration of
the Berry curvature on a closed surface that encloses the crossing point of the electronic
bands, known as Weyl point or Weyl node. The presence of these points in the
electronic structure is of little interest till it leads to observable consequences that will
only exist, if these crossings are either very close to or at the Fermi level [23]. In Weyl
phase, the valence and conduction bands that touch at points in the Brillouin zone, are
individually non-degenerate, which requires either time reversal symmetry or inversion
symmetry (parity) to be broken.
The Weyl points occur in pairs with opposite chirality which can also be termed as
‘handedness’. Where the bulk has this exquisite linear crossing of bands close to Fermi
level, on the surface, there exist unique Fermi arcs or unclosed Fermi surfaces. These
unique bulk Weyl fermions and the surface Fermi arcs give rise to many interesting and
unusual

experimentally

observable,

physical
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phenomena

such

as

negative

magnetoresistance, the chiral magnetic effect, the quantum anomalous Hall effect and
quantum oscillations [24].
In general, the band crossings are of two types: accidental and protected. The accidental
band crossings can be eliminated by the small perturbations while the protected ones
cannot be removed by the perturbations as they are protected by the lattice symmetries.
Small perturbations can change their position in energy or momentum but cannot open
the gap [25]. This protection is associated with the Chern number or winding number
‘C’.
This number may be regarded as the topological charge of the Weyl point and can be
given by the mathematical expression
𝐶𝐶 = 1/2ᴫ � Ω(𝑘𝑘). 𝑑𝑑𝑑𝑑 = ±1

Where Ω(k) is the Berry curvature. Weyl point can be regarded as the source or sink of
the Berry curvature, which can mathematically be understood as a singularity of the
Berry curvature and a degeneracy point in terms of the band structure.

1.3.2 Type 1 and Type 2 Weyl Semi Metals (WSMs):
The Weyl Semimetals can be classified in two main categories based on the type of
crossing, the band undergoes at the Fermi level.
1.3.2 (i) Type 1 WSMs:
In Type 1 Weyl Semimetals, the Fermi energy crosses the nodes, and the density of
states disappears at Weyl nodes. The TaAs family (TaAs, TaP, NbP, NbAs) [26-29] of
WSMs exhibits ideal Weyl cones in the bulk band structure and belongs to the type-I
class in which the Fermi surface reduces to a point at the Weyl node.
1.3.2 (ii) Type 2 WSMs:
In Type 2 WSMs, electrons and hole packets in the energy dispersion cross at the Weyl
points. Very strongly tilted Weyl cones are observed for the case of type 2 WSMs.
Type-II WSMs have been observed in many layered transition-metal di-chalcogenides
such as WTe2, MoTe2, MoP2, WP2[30-32] and in other structures such as TaIrTe4 [33],
Ta3S2 [34], YbMnBi2 [35], LaAlGe [36]. Here, the Weyl cone is strongly tilted and the
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Weyl point is the contact point between an electron pocket and a hole pocket in the
Fermi surface. Type-II WSMs exhibit rather different properties from type-I WSMs, as
the anisotropic effects associated with the tilting of Weyl cones determine many
transport features such as anisotropic chiral anomaly and the anomalous Hall effect. In
addition, the layered structure of these compounds can pave the way for the fabrication
of electronic devices, that makes them an ideal platform for the realization of WSM
applications [37].

Figure 1.1: Electronic structures of: a) Type-I WSMs, The Fermi energy, (shown by the
dashed line), crosses the nodes which is otherwise in the gap between the two touching
bands. b) Type-II WSMs, the electron and hole pockets touch each other at the Weyl
points. (Figure adapted from ref. [38])

1.3.3 Time Reversal and Inversion Breaking WSMs:
Berry curvature becomes zero for the whole Brillouin zone if both time and inversion
symmetry exist in a material. The formation of the Weyl points requires either time
reversal or the inversion symmetry of the crystal to be broken. Under time reversal
symmetry, the “magnetic field” or the Berry curvature will be reversed i.e.,
Ω (-k) = -Ω (k)
So there will be two nodes at k and –k, (certain positions in momentum space) with the
same chirality. Under the conserved inversion symmetry:
Ω (-k) = Ω (k)
In this case, the two nodes at k and –k will have the opposite chirality [25].
1.3.3 (i) Time Reversal Symmetry Breaking WSMs:
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The simplest model of a Weyl semimetal is the one with broken time reversal
symmetry, as it allows the minimum number of nodes possible in a WSM i.e., 2. In a
study by Xiangang Wang, a whole class of time reversal breaking Weyls is predicted
and discussed in detail: the pyrochlore iridates (A2Ir2O7) [18]. Their work establishes
the possible magnetic ground states for the iridates and also highlights the generic
presence of the WSM phase in correlated magnetic insulators on the pyrochlore lattice
[39]. Another study proposed that pyrochlore iridates can realize a WSM phase by
applying a magnetic field, as it not only broadens the range in which the Weyl
semimetal phase can exist but also creates new topological semimetal phases across
band inversion. They gave a general topological band structure under a magnetic field,
which could help in the experimental discovery of topological semimetal states in
pyrochlore iridates [40].
1.3.3 (ii) Inversion Symmetry Breaking WSMs:
Inversion symmetry must be broken in the case of a preserved time reversal symmetry
to realize a WSM. The total number of Weyl nodes must be a multiple of four in this
case. This kind of WSMs is more compatible experimentally, despite having a large
number of nodes, as the system is simpler without the complications of magnetism [41].
Balents et al gave a time invariant model for Weyl phase by adding layers of normal and
topological insulators [42].

1.3.4 Basic Features of WSMs
1.3.4 (i) Band Structure, Weyl nodes and Fermi arcs:
Weyl semimetals have 3D crossings (nodes) of the valence and conduction bands which
becomes relevant if this crossing is close to the Fermi surface and is topologically
protected by crystal symmetries (like rotation, translation or mirror). A peculiarity of the
Weyl semimetals is the presence of the surface states that connect the projections of
bulk Weyl nodes of opposite chirality. These have the shape of an arc and are known as
Fermi arcs as they connect the Weyl nodes of different chirality at the Fermi level to the
surface. The shape of these arcs strongly depends on the surface terminations of
different atoms and the strength of the spin orbit coupling (SOC) in the material. As
these fermi arcs are quite different from the fermi surfaces of normal insulators, TIs or
normal metals, they can serve as an identification marker for the WSMs. These Fermi
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arcs play an important role in the transport behavior of Weyl semimetals as it is the
collective contribution of surface and bulk modes that assist in the unusual transport
phenomena in Weyl semimetals specially under the application of applied magnetic
fields [43].
Xu et al gave another method for demonstrating the Fermi arcs, and measuring the
topological invariants of the WSMs. They suggested to choose a closed path in the kspace and then subtract the number of right chiral modes from the left ones, which gives
the total chiral charge of the Weyl nodes enclosed by that path [44]. Ilya Belopolski et
al. have discussed the challenges in the observation of Fermi arcs in the materials with
low SOC (light materials) and presented main features of the Fermi arcs, presence of
any one of which, can confirm the presence of a Weyl state that include the observation
of disjoint arc on the surface, odd number of curves or a non-zero Chern number.

Figure 1.2: Weyl points in the bulk Brillouin zone of a WSM and the Fermi arc on the
surface. Pair of Weyl points with opposite parity are shown with spin resolved Fermi
arc at the surfaces. Non-zero Chern number will only exist between the Weyl nodes of
the opposite chirality. (Figure adapted from ref. [45])
There are other experimental challenges in verifying the Fermi arcs on the surface of a
Weyl semimetal like hybridization between bulk and surface states, and between Fermi
arcs associated with different Weyl nodes. Dangling bonds that present surface states
with strong splitting make the nontrivial surface states difficult to be distinguished from
the normal ones [45]. As the density of states does not vanish at a type 2 Weyl node,
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non topological surface states can appear along with the Fermi arcs. Timothy M.
McCormick et al worked out a minimal theoretical model for the band structure and
Fermi arcs in both time reversal and inversion breaking Type 1 and Type 2 WSMs [46].

1.3.5 Finding Weyls:
Weyl semimetals have been discovered in the pure form of many crystals. There are,
however, a variety of ways to reach a Weyl phase.
1.3.5 (i) Time Reversal Breaking Weyls
Time reversal symmetry breaking or magnetic WSMs are much sought after due to the
possibility of the anomalous Hall effect at temperatures as high as room temperature.
1.3.5 (i) a) Topological Insulator/Normal Insulator multilayers
Burkov presented a model for constructing for a time reversal breaking WSM by
stacking layers of magnetically doped topological insulators (TI) and normal insulators
(NI) [47]. This model is based on the tunneling between the same layer and between the
alternating layers. Weyl phase can be found if ΔD (width of the insulating layer) is near
Δs (width of the TI layer) and the position of the Weyl nodes is dependent on these
tunneling parameters. The Hall conductivity for this case is proportional to the distance
between the nodes.

Figure 1.3: Coupled-layer model of a Weyl semimetal. Magnetically doped TI layers
are coupled through insulating layers. The tunneling amplitude between neighboring TI
layers is ΔD. (Figure adapted from ref. [23])

1.3.5 (i) b) Dirac to Weyl:
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The Weyl phase can also be obtained by breaking either time reversal or inversion
symmetry in a Dirac Semimetal. Dirac semimetal has degenerate energy bands that split
into non-degenerate bands by breaking the symmetry and a single Dirac node splits into
two Weyl nodes at opposite momenta.

Figure 1.4: Dirac to Weyl: a) Breaking time-reversal symmetry in Na3Bi Dirac
Semimetal. Each Dirac cone is split into a pair of Weyl cones. b) This splitting of the
Weyl nodes increases with the intensity of the driving field. (The figure adapted from
ref. [48])
1.3.5 (i) c) Naturally occurring magnetic materials:
Some classes of naturally occurring magnetic materials have been theoretically
predicted and observed as Weyl semimetals. Pyrochlore iridates were the first prediction
for such time reversal breaking WSMs [18]. A few other materials have been predicted
and experimentally studied by the condensed matter physicists to dig a little deeper into
the interesting Physics of magnetic topological semimetals and move towards the
comprehensive understanding of the topological effects on the anomalous Hall Effect.
Wan et al discussed the pyrochlore tetrahedral structure and its magnetism in ground
state which is non-collinear and points all in or all out from the center. They discuss the
evolution of electronic states based on the interacting electrons and find that Weyl state
persists as long as the interaction is intermediate and changes to metallic for weak
interactions (lack of magnetic order) and a Mott insulator for strong correlations.
Some materials exhibit the Weyl phase under an applied magnetic field like GdPtBi due
to Zeeman splitting [49, 50]. Predictions about clean two node WSM have been made
about HgCr2Se4 based on the first principle calculations[51], and that Quantum Hall
effect can be observed in this material without the application of an external magnetic
field. [52, 53]
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Anomalous Hall effect arising from the intrinsic effects of the non-vanishing Berry
curvature in non-collinear antiferromagnetic compounds was reported for Mn3Sn and
Mn3Ge [54-56]. Another family of cobalt based Heusler Weyl systems XCo2Z (where,
X = IVB or VB; Z = IVA or IIIA) having broken time-reversal symmetry, was predicted
[57, 58].
There have been a few experimental evidences of the observation of the Weyl nodes in
time reversal breaking canted antiferromagnetic materials, using angle resolved
photoemission spectroscopy (ARPES) like YbMnBi2 [35]. Shubnikov de Haas
oscillations of the MR have been observed in BaMnSb2 indicating its Weyl
character[59]. Most recently, predictions of realization of QAHE from a ferromagnetic
Weyl semimetal Co3Sn2S2 came forward [60] owing to the large anomalous Hall
conductivity in this material and after some time the experimental results verified the
theoretical claims [61].

1.3.5 (ii) Inversion Breaking Weyls:
1.3.5 (ii) a) NI-WSM-TI phase transition in a group lacking inversion symmetry:
Murakami gave a theoretical model of finding the Weyl semi metallic phase as an
intermediate phase between a transition from a normal to a topological insulator in
inversion breaking materials. For the bulk bands to move from a normal to inverted
band configuration for topological insulator transition, an intermediate crossing of
bands takes place [62].
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Figure 1.5: Evolution of bulk band structure, with a change of the parameter “m” for
inversion-asymmetric case. (Figure adapted from ref. [62])
1.3.5 (ii) b) Naturally occurring Inversion breaking crystals:
The very first observations of WSMs were made on the inversion breaking crystals
without the tuning of any parameter or the application of external fields mediating the
Weyl phase. Some of these examples are TaAs, TaP, MoTe2, MoP2, WTe2, TaIrTe4 etc.
The following table gives experimentally discovered and a few theoretically predicted
WSMs in different materials.
Type 1 WSMs

Type 2 WSMs

Magnetic

Predicted

TaAs

WTe2

GdPtBi

Co2TiX
X=IV(B) or V(B)

TaP

MoTe2

Mn3Ge/ Mn3Sn

HgCr2Se4

NaAs

LaAlGe

BaMnSb2

A2Ir2O7
A=Y or lanthanide

NaP

TaIrTe4

Co3Sn2S2

SrSi2

Ta3S2

YbMnBi2

Ti2MnAl

XP2 (X=Mo,W)
Table1-1: Different types of experimentally discovered and predicted WSMs.

1.3.6 Materials
1.3.6 (i) Crystal structures of some Weyl semimetals:
Crystal structure plays a significant role in the discovery and study of the WSMs as we
know that this phase occurs in either the time symmetry breaking or the inversion
breaking crystals. Certain crystal symmetries play an important role in the protection or
existence of this phase in crystals like inversion, mirror and rotation symmetries. The
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prediction of the physical properties of the materials based on the electronic structure
can be made by carrying out first principle calculations. Many systems are synthesized
or engineered on based on these calculations. Many databases [63-65] are available now
to readily look at the crystal and electronic structures which makes it easier for the
physicists and chemists to choose the systems for the desired outputs.
Following are some of the crystal types of the experimentally realized WSMs. The very
first discovered Weyl semimetals TaAs, TaP, NbAs, NbP, LaAlGe, PrAlGe share a
common body centered tetragonal crystal structure belonging to I41md space group.
Some of the type 2 WSMs belong to an orthorhombic layered structure like MoTe2,
WTe2, TaIrTe4, MoP2, and MoTe2. Many magnetic Weyl semimetals showing
anomalous Hall Effect have a Kagome sub-lattice of the magnetic atoms like Mn3Sn,
Mn3Ge and Co3Sn2S2. Mn3Sn, Mn3Ge belong to the space group P63/mmc, No.194 with
a layered hexagonal structure with Mn atoms forming a 2D Kagome lattice. Co3Sn2S2
belongs to the space group R͞3m (No. 166) with the slabs of CoSn4S2 octahedra, stacked
in a hexagonal packed structure. Co atoms form the Kagome layer with corner sharing
triangles of cobalt atoms in Co-Sn layer[61]. GdPtBi, a time reversal breaking WSM
exhibiting chiral anomaly, belongs to the space group 216, F4¯3m with interpenetrating
fcc lattices.

Figure 1.6: Crystal structures of some Weyl Semimetals a) Body centered tetragonal
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structure of TaAs, NbP and NbAs [27] b) Crystal structure of GdPtBi made up of three
interpenetrating fcc lattices [66] c) Pyrochlore-Iridate crystal structure showing the Ir
tetrahedral sharing [18]. d) Layered crystal structure of TaIrTe4[67] e) The
orthorhombic crystal structure of MoTe2 and WTe2 [32].

1.3.7 Transport Properties of Weyl Semimetals:
Weyl semimetals are practically fascinating as their transport is based on both bulk and
surface conducting channels. In the bulk, the linear crossings of the band structure allow
efficient charge transport without any back scattering. The exotic Fermi arcs on the
surface of the Weyl metals connected to the bulk through the linear crossings or the
Weyl nodes.
1.3.7 (i) Chiral Anomaly and Negative Magnetoresistance (MR):
Chiral anomaly is a quantum phenomenon of the non-conservation of the chiral charge
first discovered by Adler, Bell and Jackiw [68, 69]. In WSMs, the quasiparticle
excitations are the Weyl fermions which are either right or left-handed in terms of their
chirality and each Weyl node acts as a singularity of the Berry curvature in the Brillouin
zone (like magnetic monopoles in momentum space). The Weyl points always occur in
pairs with the opposite chirality. In the presence of non-perpendicular electric and
magnetic fields, the particle number for a given chirality is not conserved.

Figure 1.7: Explanation of the chiral anomaly of Weyl fermions in externally applied
parallel magnetic and electric fields: Top) The energy dispersion for the left and the
right-handed fermions in equilibrium with a magnetic field. Black dots show filled
states while the white ones represent the empty ones. Bottom) The same dispersion in
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the presence of an electric field, parallel to the magnetic field. All states are displaced in
momentum space from their equilibrium position. As a result, right-handed and lefthanded antiparticles are produced. (Figure adapted from ref. [38])
In a Weyl semimetal, the chirality may be understood as a topologically protected chiral
charge. Weyl points of opposite chirality are separated in momentum space and are
connected through the crystal boundary by a special open surface state, known as the
Fermi arc. Because of the chiral anomaly, the presence of these parallel electric and
magnetic fields can break the chiral charge conservation. Negative longitudinal
magnetoresistance acts as an important signature of the chiral anomaly. WSM become
more conducting with the increase in magnetic field B that is parallel to the electric field
E [70].
The lowest Landau level states around each Weyl node cannot backscatter on impurities
as they are described by a one-dimensional chiral theory. The conductivity of such
states is finite only due to backscattering between nodes with opposite chirality. The
density of states of the lowest landau level (LLL) linearly increases with the applied
field. When the contribution from the LLL dominates, the total magnetoresistance
decreases with the field [71].
In Weyl semimetals, chiral anomaly is believed to lead to a negative magnetoresistance
(MR) due to the suppression of back scattering of electrons of opposite chirality. That is
a high energy phenomenon (chiral anomaly) translating into condensed matter systems
(negative MR). Chiral anomaly is also predicted to introduce anomalous Hall effect and
defined discontinuities in the angle resolved photoemission spectroscopy (ARPES)
signals for the case of WSMs [72]. However, the negative longitudinal MR does not
originate solely due to the chiral anomaly effect. It can also be induced by the
inhomogeneous current distribution in the device or some other scattering effects
without necessarily forming Weyl points. A clear verification of the existence of Weyl
points is crucially required to interpret the results of the MR experiments [37].
The type-I WSMs exhibit chiral anomaly for all directions. However, the type-II WSM
exhibits an anisotropic chiral anomaly i.e., when the magnetic field direction is
perpendicular to a momentum plane that shows a point-like Fermi surface. The chiral
anomaly effect disappears for all the other directions. The experimental evidence for the
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Chiral anomaly induced negative magnetoresistance has been observed in several Weyl
semimetals like TaAs,[2], NbAs [73], NbP[74], TaP [72, 75] and WTe2 [76, 77].

Figure 1.8: Magnetoresistance measured at different rotating angles for: a) TaAs b)
NbAs c) WTe2 d) Ga doped NbP. (Figure adapted from refs. [2, 73, 77, 78])
1.3.7 (ii) Giant Positive Transverse Magnetoresistance:
The change in the electrical resistance of the material with the applied magnetic field
gives an insight into its transport properties. Transverse MR is the ratio of the change of
resistivity with the application of change and is given by the expression:
𝑀𝑀𝑀𝑀 =

𝜌𝜌(𝐵𝐵) − 𝜌𝜌(𝑜𝑜)
𝜌𝜌(0)

Here, 𝜌𝜌(𝐵𝐵) is the resistivity in the presence of an external magnetic field and 𝜌𝜌(0) is

the resistivity at zero applied field. This is usually expressed as a percentage. Materials

with a high MR are generally used for the data storage applications in magnetic
systems. Non-magnetic metals usually exhibit a positive parabolic MR that is not very
large in value and usually saturates at a value of few percent. Recently, a very large
magnetoresistance has been reported for various topological and non-topological
materials. The transverse transport phenomena in WSMs has given interesting insight
into different materials through a single effect of MR. For many Weyl semimetals,
either a huge or linear MR is observed for different materials. There are different
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mechanisms discussed for the display of this large positive MR of the order of
thousands of percent and even reaching millions for some materials like WTe2 [79]. It
was found that the metals with the compensation of electron and hole density show a
very large magnetoresistance. The open Fermi surfaces have also been reported to cause
this effect that result in the trajectories of the charge carriers being driven by the
Lorentz force in the presence of an external magnetic field [80, 81]. Parish &
Littlewood explain the large MR of the silver chalcogenides due to the classical disorder
effects [82]. Abrikosov, even before the beginning of the discussion of the topological
states in the condensed matter, explains the giant linear MR of the chalcogenides by
approximating the band structure as linear and gapless with linear momentum
dependence and taking electrons acting as neutrinos and calls it a quantum MR [83]. For
the case of Weyl semimetals, this high MR is explained in terms of a special protection
of the states at zero field being lifted by applying an external magnetic field.
Many WSMs have been reported to exhibit this unusually high value of MR such as
WP2, MoP2, and WTe2 [79, 84, 85]. This high MR is attributed to electron-hole
resonance condition as in many trivial materials. Because of this exhibition of colossal
MR in many WSMs, this has been considered as a first sign in the transport of the
materials that has compelled many researchers to look for the other signatures for the
presence of this topological phase in materials. It is important to note that the nature of
the MR responses i.e., parabolic and linear give an important insight into the origins of
the high MR [86]. For most compensated metals, where the two-band theory is relevant,
the MR is parabolic, depends on B2 and remains unsaturated till the resonance condition
holds. This holds true both for the trivial and topological materials. For the linear MR,
however, this non saturating behavior of the MR can be dependent on the underlying
topologically protected electronic structure. Littlewood and Parish’s theory explains this
linear MR with the classical treatment and holds the disorder responsible for this effect,
but they do so for high field limit [82]. Abrikosov’s MR theory, however, deals with it
in the quantum limit and calls out that this effect owes it to the linear nature of band
dispersions [83]. This high MR is usually accompanied by a high mobility of the order
of 105-106 cm2/Vs (TaAs, NbP) [87, 88]. Other WSMs have also shown high mobility
values around a few thousands. This high mobility results from the low effective mass
of the charge carriers, low residual resistivity and the absence of scattering processes
due to the linear band structure.
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Figure

1.9:

High

magnetoresistance

in

temperatures.(Figure adapted from ref.[85])
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a)

WP2

b)

MoP2

at

different

Material

Form

Value of MR

WTe2

Single crystals

4.52x10 % (14.7 T,4.5K)

5

Ref.
[83]

7

1.3x10 % (60T,0.53K)
WP2

6

Single crystals

4x10 %

[83]

8

2x10 % (63T,2.5K)
6

NbP

Single crystals

8.1x10 % (62T,1.5K)

MoP2

Single crystals

3x10 %

5

[79]
[83]

Table1-2: Some extremely large, reported MR values exhibited by WSMs.
1.3.7 (iii) Quantum Oscillations:
When an electronic system is put into a magnetic field, Landau level quantization takes
place and with the increase in that field, the density of states close to the Fermi level
undergoes oscillations that results in the variation of physical quantities like
conductivity and magnetic susceptibility. These physical quantities measure the rate at
which the Landau levels are being depopulated with the increasing field [41].
These quantum oscillations are helpful for probing the electronic structures of various
materials. The analysis of these quantum oscillations can map out the Fermi surface and
determine the value of the Fermi level that requires closed magnetic orbits at the Fermi
level and oscillations of the density of states, which are periodic in 1/B for trivial
materials.

Figure 1.10: Transverse magnetoresistance for: a) WTe2, measured at different angles
at 4.5K. b) NbP at different temperatures. Oscillations can be observed at higher fields
and low temperatures. Figure adapted from refs. [79, 89])
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1.3.7 (iv) Weyl Orbit; Connecting surface and bulk transport:
The Fermi arcs in WSMs can also give rise to these oscillations through “wormhole”
tunneling that is assisted by the Weyl nodes. The Fermi arcs at the opposite surfaces can
form a complete loop passing through the Weyl nodes in the bulk. As this loop passes
from the top to the bottom surfaces, these oscillations can occur up to a certain field
strength [90].
Normally, the quantum oscillations arise from the bulk contribution of electronic states.
In WSMs, however, it is seen that an extra frequency in the oscillations is observed
hence the Weyl material is constrained to a thickness that corresponds to the mean free
path. This extra term in the oscillation is believed to arise from the combined transport
of the bulk and the surface states [91].

Figure 1.11: Quantum Oscillations from the Fermi Arcs a) Semi-classical orbit in a
magnetic field with surface states giving rise to quantum oscillations in a finite
thickness slab. b) Bulk Landau level spectrum for a chiral Weyl node. c) Periodic in 1/B
oscillations in the density of states due to quantization of the orbits. (Figure adapted
from ref. [90])
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The analysis of the phase shift of quantum oscillations has been used to determine the
Berry phase of electronic pockets to confirm that their topology is non-trivial[92]. This
may also lead to a distinct 3D quantum Hall effect (QHE) in topological semimetals
which is usually exhibited by 2D systems [93] Various models have been applied to
investigate the transport through Fermi arcs. Some of them claim a near dissipation-less
surface current in the limit of disorder free bulk and draw parallels between the
topological insulators and ideal WSMs [94], while others put it as a naive expectation
and show that the fermi arc transport is dissipative and state that the scattering of
quasiparticles from the surface into the bulk leads to dissipation [71].
1.3.7 (v) Anomalous Hall effect in Weyl semimetals:
The anomalous hall conductivity is the transverse dissipation-less response to an applied
electric field. The mechanisms responsible to produce this transverse effect are either
intrinsic i.e., coming from the motion of electrons due to the presence of Berry
curvature, or extrinsic, arising due to the side jump and skew scattering due to disorder
effects. The anomalous Hall Effect (AHE) in the ferromagnetic materials generally
comes from both the intrinsic and extrinsic mechanisms and usually it is difficult to
distinguish between the two contributions. For the case of Weyl semimetals, the
contribution to the anomalous Hall effect originates purely from the intrinsic
mechanisms i.e., the geometric properties of the electronic structure and depends upon
the relative location of the Weyl nodes which are the sources of the Berry curvature [9597]. However, for the case of type 2 Weyl semimetals, where the Weyl cones are tilted,
it appears as an anisotropic effect in the sense that it depends upon the direction of the
tilt of the Weyl cones in addition the distance between them [98] such as in the case of
WTe2 [99]. In real materials, however, disorder and impurities can generate scattering
mechanisms that makes it difficult to assess the true origin of the AHE. There are many
scaling techniques being developed by the theorists to identify the mechanisms that
generate this effect in a particular material.
1.3.7 (vi) Weyls exhibiting AHE:
Large values of anomalous Hall conductivity have been reported for several magnetic
WSMs including antiferromagnetic and the ferromagnetic ones. For a long time AHE
was thought to be dependent only on the magnetization but recent studies have shown
that even in the absence of net magnetization as in the case of antiferromagnetic
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materials, this effect can be observed, which further elucidates the dependence of the
AHE on the intrinsic effects such as Berry phase in the case of these topological metals.
This will be discussed in further detail in our discussion of the anomalous Hall effect
observed in Mn3Sn and Mn3Ge thin films in chapters 4 and 5.
1.3.7 (vii) Prediction of Quantum Anomalous Hall Effect (QAHE) in Weyl
Semimetals:
Different studies on the quantized Hall effect and the understanding of anomalous Hall
effect collectively explain that the intrinsic underlying mechanisms of these effects stem
from the same root of the topological band structures and the concepts of Berry phase.
The experimental search for the systems exhibiting QAHE continues in the magnetic
systems with the strong spin orbit coupling.
QAHE refers to the effect in which no external magnetic field is applied. Although
Haldane’s model is too good to be true experimentally, a somewhat close effect as
QAHE has been achieved in materials with the doping of magnetic atoms and an initial
applied field. This observation of QAHE has been reported in the topological insulators
magnetically doped Bi2Se3, Bi2Te3, Sb2Te3 [16, 100, 101] Recently, a topological
insulator, MnBi2Te4 has been reported to display this phenomenon in a five-septuplelayer sample at a temperature of 1.4 K [102].
QAHE state is predicted in the 2D thin film form or the quantum well structures of
magnetic Weyl semimetals HgCr2Se4 [52] and Co3Sn2S2 [103]. For the case of Weyl
Semimetals, the QAHE state can be achieved in the materials in which the bands are
gapped other than the Weyl nodes, if for a particular thickness, the 2D Chern numbers
are non-zero. Both HgCr2Se4 and Co3Sn2S2, are ferromagnetic half metals and show
strong anomalous Hall effect behaviors in their single crystal forms. The robust
behavior of the Hall Effect in the latter against temperature and resistivity depicts that
there is indeed an intrinsic mechanism responsible for the observation of this anomalous
Hall Effect. Also, it has a simple electronic structure near the fermi level and a longrange ferromagnetic order as required by the QAHE to be achieved in the 2D form
[104].
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Material

GdPtBi
NdPtBi
Mn3Sn

Mn3Ge

PrAlGe
Co3Sn2S2
Co2MnAl

Form
Single
crystals
Single
crystals
Single
crystals
Single
crystals
Single
crystals
Single
crystals

Anomalous Hall

Anomalous

Conductivity

Hall angle

60/ Ω/cm at 2K

23%

Magnetic

Ref.

Order

[68]

AFM

14/ Ω/cm at 2K

[68]

AFM

100/ Ω/cm at 100K

[69]

AFM

500/ Ω/cm at 2K

[23]

680/ Ω/cm

[83]

FM Tetragonal

AFM
Mn (Kagome)

1130/ Ω/cm

20%

[83]

FM Kagome

1600/ Ω/cm 2K

21%

[69]

FM

Table 1-3: Table showing WSMs exhibiting anomalous Hall effect.

1.3.8 Angle Resolved Photoemission Spectroscopy (ARPES)
Angle resolved photoemission spectroscopy (ARPES) is the most powerful and direct
experimental way of observing the band structures. It determines the electronic
structures of the materials by measuring the kinetic energy and angular distribution of
the photo emitted electrons. Its combination with the choice of spin selection, is referred
to as Spin and Angle resolved photoemission spectroscopy (SARPES) that allows to
observe the spin textures as well. Fermi arcs and Weyl nodes have been observed by
ARPES confirming the topological Weyl phase of many materials. The observation of
electronic/surface states through ARPES/SARPES needs to be dealt and studied in
conjunction with other theoretical and experimental results to sketch a complete picture
of the non-trivial/ topological nature of the material.
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Figure 1.12: Surface-bulk correspondence: Weyl nodes and Fermi arcs in TaAs
calculated by ARPES. a) ARPES Fermi surface map showing locations of projected
bulk Weyl nodes corresponding to terminations of Fermi arc. b) The bottom part shows
schematics of a structure in the bulk BZ that encloses four Weyl points. These Weyl
points have projections on two points at the surface BZ with chiral charges. The top
surface shows the Fermi arcs, measured through ARPES, connecting the projections of
the Weyl nodes. c) Surface state Fermi surface map at the k-space region corresponds to
the terminations of Fermi arcs. The k-space region is shown by the black dotted box. d)
Bulk Fermi surface map at the k-space region corresponds to the Weyl points. e)
Schematics and ARPES map of the Fermi arcs. f) ARPES maps of the Fermi arcs and
the Weyl points. (Figure adapted from ref.[27])

1.3.9 Uses and applications of WSMs:
Based on all their exotic electronic and magnetic properties, it is evident that WSMs
can be effectively used in many important electronic, spintronic and optical devices for
probing, ultra-fast switching and storage requirements. Weyl semimetal nanowires
have been proposed to work as field-effect transistors, dubbed WEYLFETs offering
high switching ratio with very low consumption of power [105]. Longitudinal
conductance along the wire is reduced by applying gradient gate voltage along the
nanowire, which generates an electric field, changing the relative orientation between
the Fermi arcs on different surfaces. Another Weyl transistor has been proposed based
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on the ballistic transport model in which electron emitters are connected to a scattering
device by perfectly conducting wires [106]. A Spin Filter Transistor based on thin
films of WSMs has also been proposed that can filter the un-polarized spin current and
generate a polarized one making on/off state of spin-polarized current by tuning
the chemical potential [107].
Ultra-fast read out spintronic devices can be made from the newly discovered Mn3X
(X=Sn, Ge) class of non-collinear antiferromagnetic Weyl semimetals. A room
temperature large anomalous Hall conductivity at THz frequencies has been reported for
Mn3Sn thin films, that makes it suitable for this use [108].
An ultra-fast topological switch operating at THz frequencies has been proposed for
type 2 WSM, WTe2 [109]. Based on crystallographic measurements by relativistic
electron diffraction, it has been reported that THz light pulses can instigate a THz
frequency interlayer shear strain with a large strain amplitude in WTe2 that leads to a
topologically distinct metastable phase. This strain provides an ultrafast, energyefficient way of creating robust and well separated Weyl points, or annihilating all Weyl
nodes of opposite chirality.
WSMs have also been suggested to be used in optical instruments, as probing tips of the
scanning tunneling microscope (STM) due to the negative refractive index for the
electron waves in Weyl semimetals [106]. This kind of tip may be able to probe not just
the individual atoms but also the electronic clouds within an atom. A structure made
from three layers of different Weyl materials like NbAs and NbP is proposed to focus a
three-dimensional flow of electrons, acting as a rectangular potential barrier for electron
propagation.
First TaAs based photo detector, with a wide absorption spectrum, operating at room
temperature in the spectral range of blue to mid infra-red wavelengths, has also been
reported [110]. These photodetectors can be used in imaging, sensing and optical
communication systems.
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1.4 Summary:
It is indeed an exciting time in the history of Condensed Matter Physics, as the concepts
from high energy mathematical Physics are being translated into observable condensed
matter phenomena. It took around a century to be able to observe the particles described
by the equations given by Pauli, Dirac and Hermann Weyl. This beautiful relation of
strong mathematical and theoretical physics concepts and experimental condensed
matter physics holds the potential for futuristic designs in the electronic and spintronic
industry. Weyl semimetals, although predicted long ago by different theorists, were
realized only a few years ago and has brought a burst of interest of the condensed matter
physicists towards this field. There is an ongoing search for exquisite Weyl systems that
can provide the protected transport behaviors and can lead to the dream of dissipation
less conductivity that can revolutionize the current electronics and spintronics.
The interplay of the band structure, time reversal/inversion and the crystal symmetries
helps in defining and understanding the Weyl phase in a material. Chemists and
physicist are developing data bases that can have these signatures based on the band
calculations and the crystal structures and symmetries. Weyl semimetals are exciting
because of having both interesting bulk and the surface states. The Weyl nodes in the
bulk and the fermi arcs on the surface, both show exotic transport signatures. There is a
lot of room for work both in the experimental and theoretical regimes, to explain the
observed effects in the Weyl semimetals in a more general form. The search for the new
and clean materials having the Weyl phase is still ongoing.
It is of vital significance to be cautious while interpreting the transport properties
observed for these materials to avoid misleading conclusions. Many observed effects
that are associated with these materials can also be produced by disorder, impurities in
the samples or the scattering processes inside a material. As discussed in the above
sections, extremely high MR that is considered can be due to the protected edge states
have also been observed in the highly disordered systems [111]. Negative
magnetoresistance that is a manifestation of the most interesting chiral anomaly effect,
in some systems can originate from current jetting effects from the contacts on a sample
[112]. Even the most direct method of the observation of the Weyl signatures in the
electronic structure through ARPES needs very fine resolution and the effects from
other states close to Fermi level can give ambiguous results or low spin orbit coupling
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of the material can make it challenging to observe these features[113]. In the
interpretation of anomalous Hall effect observed in the magnetic Weyl systems, the
origin needs to be carefully determined as the dependence of both intrinsic and extrinsic
effects on the longitudinal counterparts is closely related and the contribution can arise
from both effects simultaneously [114].
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Chapter 2
Experimental Procedures
A range of samples was prepared in this study for studying the transport features. Single
crystal, polycrystal and thin film samples were prepared. MoSi2 single crystals were
prepared using floating zone furnace. Polycrystalline targets were used to deposit these
films on a variety of commercially available substrates. Polycrystalline targets used in
this work were either prepared using a vertical zone furnace or were commercially
obtained. Thin films were deposited using Pulsed Laser Deposition technique. After the
sample preparation, the phase identification and the surface morphology studies were
performed on the sample. After the identification of phase and the surface studies,
electrical and magnetic transport measurements were performed. This chapter discusses
the details of all these procedures in detail.

2.1 Fabrication
2.1.1 Poly-crystal preparation using vertical furnace:
Mn3Sn and Mn3Ge polycrystalline targets were prepared using a Vertical Molisili
furnace, Model: VF-1800. The powdered high purity manganese (Mn), germanium (Ge)
and tin (Sn) powders were purchased from Sigma Aldrich. Stoichiometric amounts of
99.9% pure powders were weighed and ground in a mortar for 10-15 minutes. These
powders were then mixed and sealed into quartz ampule under vacuum. This ampule
was then hung at the bottom of the vertical furnace which was heated to a desired
temperature. Details for respective materials are given in the subsequent chapters. The
mixture was then slowly cooled to a certain point and kept at this point for few hours. It
was then cooled down to room temperature under ambient conditions. Round
discs/buttons of metallic grey polycrystal of around 1.5cm diameter and ~1cm thickness
was obtained.
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Figure 2.1: Vertical Molysili Furnace used in this study.

2.1.2 Single Crystal Growth using Vertical Floating Zone Furnace:
Single crystals of MoSi2 were grown using floating zone furnace with commercially
obtained polycrystalline MoSi2 cylindrical rods of heating element as seed material.
Floating zone furnace uses an optical heating source with high power xenon light bulbs
that are focused into a narrow volume by parabolic mirrors. An upper feed rod
composed of the polycrystalline material is then suspended over a seed rod in a vertical
configuration. Tips of both the rods are then heated and fused together that forms a
floating molten zone. The slow downward motion of both of rods initiates the crystal
growth. An inner growth chamber is sealed in which the gas environment can be
controlled. The rods can be rotated and pulled back away after the crystallization
occurs. A small crystal of around 8 mm in length was obtained. Small flakes of the
crystal (~3 _ 1.5 mm) were used for the transport measurements by attaching gold wires
to make connections with the measurement puck.
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2.1.3 Spark Plasma Sintering:
Spark Plasma Sintering (SPS) was used for the synthesis of polycrystals of MoSi2 in this
study. This technique makes use of high temperature and pressure to form bulk
polycrystalline samples in the form of pellets and is widely used. Compressed powdered
samples are loaded in an electrically conducting die usually made of graphite. The
sample is then sintered under a uniaxial applied pressure inside a vacuum chamber. The
heating is done by a high intensity current passed through the die that heats up the
sample placed inside. Sample is heated close to the melting point of the material and the
pressure is applied and the sample is cooled. Rapid heating and quenching rates can be
employed in this technique which makes this technique very popular for the synthesis of
bulk nanomaterials. The sequence for the whole sintering and cooling process is fed via
software linked to the machine. Powdered MoSi2 was taken as a starting material and
pressed into a pellet to fit into the graphite die in this study. Thermal technology SPS
system used in this work is shown in Fig. 2.2

Figure 2.2: a) The “Thermal Technology-LLC” equipment used for Spark Plasma
Sintering in this work. b) Schematics for the vacuum chamber of the SPS.
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2.1.4 Pulsed Laser Deposition for Thin Films:
All the thin films in this study were deposited using pulsed laser deposition (PLD). PLD
is a technique based on physical vapor deposition in which a strong power pulsed laser
beam is directed on a target to be deposited with the help of a combination of lenses.
This beam takes out the vaporized material from the target and deposits on the suitable
substrate that is fixed in front of the target at an adjustable distance. This process takes
place inside a vacuum chamber and a thin film is deposited on the desired substrate. The
ejected material from the target expands into a plume in the surrounding space. The
temperature of the substrate can be controlled by heating the plate on which it is
attached with the help of a silver paste. Various factors are involved in the deposition of
the thin films such as laser power, substrate temperature, substrate lattice parameters
and orientation, distance of the target from the substrate, deposition time, pressure in the
chamber, quality and purity of the target etc. The operation of this technique is shown in
the Fig. 2.3

Figure 2.3: a) Equipment used for PLD in this study. b) Schematics for the PLD
vacuum chamber.
Any standard PLD system is mainly composed of three parts. A lasing system with
lenses to direct the beam, a vacuum chamber inside which the target and substrate can
be maintained at different temperatures and pressures, control system for the chamber
such as control pump, temperature and pressure regulators, and target rotation controls
etc. The lasing system determines the laser output power and wavelength and an optical
system consisting of the lenses adjusts the laser beam onto the target. The vacuum
chamber mainly has a low vacuum mechanical and a high vacuum molecular pumps to
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achieve the desired pressure inside the chamber. Inside the chamber, there are certain
settings for the target and the substrate such as many target holders, substrate plate
holder with attached heating system etc. The deposition takes place inside the chamber
and the surrounding atmosphere can be controlled such as with Argon and Oxygen
incorporations. The control panel has all the regulators to set the different parameters
before, during and post deposition such as pressure, temperature, target rotation etc.
In this work, neodymium doped yttrium aluminum garnet (Nd: YAG) laser (Quanta
Ray, 355nm, 10Hz) was employed as the main laser source. The laser power was set to
2W (200mJ/pulse). The main vacuum chamber (PLD-450) was from SKY Technology
Development Co. Ltd. The substrate holding plate can be heated up to 800°C. Target
can be set to rotation so that the laser beam does not hit a single point for the whole
deposition. The target to substrate distance was maintained at the least of 4cm. Before
starting the deposition, the chamber was maintained at a pressure of around 3x10-4Pa.
The details of the optimized parameters for PLD growth for the thin films of each
material are given in the experimental part of the related chapter.

2.2 Characterization of the samples
The samples prepared in this work were characterized using a range of techniques. The
structural and phase identification was done using X-Ray Diffraction, the surface and
interface morphologies were characterized using atomic force microscopy (AFM) and
scanning electron microscopy (SEM). Energy dispersive X-ray spectroscopy (EDS) was
also incorporated for the chemical micro analysis of the samples. The thickness of the
thin films was determined by the X-Ray reflectivity measurements.

2.2.1 X-Ray Diffraction (XRD):
X-Ray diffraction is the most widely used analytical technique for the structural
characterization and phase identification of the crystalline materials. The samples under
investigation can be single crystal or polycrystal powders as well as thin films deposited
on substrates. The working principle of XRD is based on the incidence of X-rays (with
wavelengths comparable to the inter-atomic distances) on a crystalline sample and
scattered from the atoms of that crystalline system interfering constructively. When the
rays scattered from the lattice planes with distance ‘d’ interfere constructively, they
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remain in phase since the path difference between the two waves is an integer multiple
of the wavelength. Bragg’s Law sets the condition for this constructive interference
given by
2𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑛𝑛𝑛𝑛

Where d is the distance between the planes of the crystal, 𝜃𝜃 is the glancing angle of the
wave, 𝑛𝑛 is an integer and 𝜆𝜆 is the wavelength of the incident X-Ray.

The XRD equipment used in the present work was GBC-MMA (Mini Materials
Analyzer) from GBC Scientific Equipment, USA. The X-ray source is Cu-Kα radiation
with the wavelength of 1.5405 Aͦ. The standard θ-2θ method was used for the scans with
2θ ranging from 10° to 90° in most of the scans.

Figure 2.4: GBC-MMA equipment used in this work.
Polycrystalline samples were powdered in a mortar and the powder was placed in the
middle of the sample holder and pressed through a glass slide to make it compact. For
the thin films, however, the level of the surface needs to be aligned with the holder. To
achieve that an adhesive flexible plasticine was attached to the bottom of the holder, on
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which the deposited film was attached and then pressed using a microscopic slide to
ensure the smooth level aligned with the holder.

2.2.2 Atomic Force Microscopy (AFM):
Atomic Force Microscopy is a high-resolution scanning probe technique for the
topographic imaging of the samples. This technique is based on the principle of
detection of forces and can achieve atomic resolution by the detection of forces between
the probing tip and the sample. In AFM, a sharp probe or tip attached to the end of a
micro-cantilever is scanned in close proximity to the sample. In this case the
interactions that take place between the end atoms of the probing tip and surface atoms
of the sample are mainly due to the van der Waals forces. Their range can be short or
long depending on the distance between the tip and the sample surface. These surface
forces can be detected even at a nanometer scale. At relatively large separations, longrange van der Waals interactions become evident. This leads to negative interaction
potential or attractive forces.
These interactions depend on three major factors that include tip-sample material, tipsample geometry and medium between tip and the sample. The forces resulting from
these interactions can be characterized by a reciprocal power law that is usually of order
greater than 3.
If the distance between the tip and the sample is further reduced, there is a chance of
overlapping of the electronic wave functions of the atoms of the tip and the upper most
atoms on the sample. The tip is then almost contacting the sample and introduces shortrange repulsive forces. An AFM usually consists of a small spring like cantilever
usually made of silicon which is carried by a support made of a piezoelectric material
that makes the cantilever oscillate. A sharp tip is attached to the cantilever with the
radius of curvature in nanometers. When the tip is brought close to the sample surface,
the cantilever deflects following Hooke’s Law. The sample is mounted on a sample
stage which can move the sample along all three axes. The tip and sample stage can be
controlled by a computer. Laser light from a solid-state diode is reflected from the back
of the cantilever and a position sensitive detector collects it. The detector measures the
deflection in the displacement with respect to the equilibrium position or the forces
between the tip and the sample and converts it into an electric signal. This variation in
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the signal is plotted in a color code with a different selected shade representing different
depths on the surface of the sample.

Figure 2.5: Schematics for the working principle of an Atomic Force Microscope.

In this work, MFP-3D model of AFM from Asylum Research was used in the tapping
mode for the surface studies of MoSi2 thin films. Tapping mode is the most widely used
method to scan the sample surface as it is the intermediate mode between contact and
non-contact mode. In the contact mode, scanning rough surfaces can sometimes cause
the tip to be deteriorated. The non-contact mode although being the safest mode, can
compromise the quality of the image. In the tapping mode, the cantilever is made to
oscillate close to its resonant frequency near the sample’s surface. This is normally
achieved by the small piezo element in the holder. When the tip comes close to the
sample it experiences a variety of forces such as electrostatic, Van-der-Waals and
dipole-dipole interactions that causes the change in the oscillating frequency, which is
then measured by the detector after being converted into electric signal by the feed-back
loop. In this mode, the phase of the oscillation with respect to the driving signal can also
be recorded, which shows the energy dissipated by the cantilever in each oscillatory
cycle.
Both topography and phase scans were taken for different samples. The sample grown
on silicon substrate was fixed on a slide using double-sided adhesive tape and then fixed
on the sample stage. A silicon tip with a radius of 10nm was used with the cantilever
resonant frequency of 300 KHz.
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2.2.3 Scanning Electron Microscopy (SEM):
SEM is a technique in which a beam of electrons is directed onto the sample surface, the
electrons after interacting with the sample atoms, produce signals that give an
information about the surface topography and the composition. The secondary electrons
that are emitted from the atoms of the samples or the back scattered electrons of the
beam after interacting with the sample can be detected and this signal produces an
image of the surface. SEM can scan larger surface areas (of the order of microns) with a
resolution better than a nanometer. Figure 2.6 shows the important parts of SEM. An
electron gun fitted with a tungsten filament cathode emits the electron beam which has
an energy in the range 0.2 keV to 40 keV. The beam is focused onto the sample with the
help of a combination of lenses, and it then passes through the vertical column having
deflector plates. The beam interacts with the sample’s surface and the incident electrons
lose energy due to scattering and absorption processes. High-energy electrons are
reflected by the elastic scattering processes with the secondary electrons resulting from
inelastic scattering. These signals along with the emitted electromagnetic radiation can
be detected by the specialized detectors separately and used to create the image of the
sample’s surface. The image captured is a distribution map of the intensity of the
emitted signal from the sample. Various amplifiers are also used to amplify the received
signals during this process.
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Figure 2.6: Schematics for the working principle of Scanning Electron Microscope.
2.2.3 (i) Energy Dispersive X-Ray Spectroscopy (EDS):
EDS is a technique used for the chemical compositional analysis of samples under
investigations in conjunction with SEM. This technique detects X-Rays emitted from
the sample by an electron beam to characterize the elemental composition of the sample
area under study.
When the incident electron beam hits the target sample area, electrons are ejected from
the sample, these vacancies are filled by electrons from a higher state, and an X-Ray is
emitted during this energy jump which is representative of the element from which it is
emitted. The EDS detector measures these emitted X-rays as a function of their energies
so a spectrum of counts vs. energy is analyzed to determine the chemical and elemental
composition of the sample.
In this work, JEOL-JSM 7500 was used to observe the surface of the thin films. EDX
analyses were performed to check the purity, oxidation and the elemental ratios in the
66

samples of MoSi2 thin films. Cross-sectional images of Mn3Sn and Mn3Ge thin films
were also used to calculate the average thickness of the films.

2.3 Cutting of the samples:
Polycrystalline samples were obtained in small cylindrical or button like shape. These
were then cut into different pieces for using as a target, performing transport
measurements and the XRD measurements. Struers Accutom-50 was employed for the
cutting of 2-3 mm thick discs from the polycrystalline samples. Different cutting wheels
can be used for cutting the samples depending upon sample’s hardness. Force and speed
of cutting can be adjusted as well to suit the needs. In our study, medium force was used
with the speed of 1000-1500 rpm for the cutting wheel. The sample was first glued to
the sample holder using a hot plate and a glue. It was then clamped in a specimen holder
head and fixed there using screws. The sample holder’s head moves to the zero position
when switched on. Initial horizontal and vertical positions can then be adjusted through
the controls to align with the cutting wheel. A stop position is set to halt the cutting
process at precise point. After this, the sample is retracted back to the zero position.

Figure 2.7: Struers Accutom-50 equipment model.
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2.4 Polishing of the samples:
The samples were then manually grinded and polished using Struers Labopol-25
grinding and polishing machine. It has a variable rotational speed of 50-500 rpm.
Samples are attached to a silver cylindrical holder using a hot plate and glue. An
appropriate grinding paper is fixed on the rotating disc and sample can then be manually
grinded and polished at a desired speed holding the sample using a holder. All
polycrystalline samples used in this study for the transport measurements were prepared
in rectangular shapes using this process after the cutting of the samples.

2.5 Sputter coating:
Sputter coating was used to deposit ~50 nm thick gold electrodes on the thin film
samples using a mask. 4 Terminal and 6 Terminal contact configuration, as shown in
Figure 2.8 was deposited on the thin film samples for the longitudinal and Hall effect
measurements respectively. Dyna-Vac sputter coater was used in this study to deposit
the gold contacts on the surface of the samples.

Figure 2.8: Schematics of sputtered gold contacts geometry for a) longitudinal
electrical transport measurements. b) Simultaneous measurements of Hall effect and
longitudinal resistivity.
A target gold plate was attached to the lid of the small chamber that closed to be on top
of the sample. The masked sample was placed inside a chamber. The lid was then
closed, and the chamber was evacuated and argon gas was introduced before the
deposition. The deposition was carried out and the chamber was evacuated before
taking the sample out. Figure 2.9 shows the schematics for the sputter coating
procedure.
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Figure 2.9: Schematics for the sputter coating set up inside the vacuum chamber.

2.6 Electronic Transport Measurements
2.6.1 Physical Property Measurement System:
To characterize the electrical properties of the samples, a 14 Tesla Quantum DesignPhysical Property Measurement System (QD-PPMS 14T) was employed. This system
can work in the temperature range of 1.9K-400 K. The system is cooled with the help of
liquid helium. DC transport for up to three samples on a standard puck can be measured
by using DC Resistivity measurements as shown in Figure 2.10 (a). The samples were
masked, and gold coated using sputter coating to form the gold contacts on the surface
of the samples. Gold wires and silver paste were then used to make contacts between the
puck and the sample. Multi-Vu software is used for all the controls and commands of
the PPMS.
The horizontal rotator enables the sample rotation of 360° in the presence of applied
magnetic fields in the whole temperature range. An automated indexing procedure
enables accurate angular positions, and an on-board thermometer records the
temperature close to the sample. A sample holder with two channels can be used in the
rotation mode. Figure 2.10 (b) and 2.10 (c) show the sample holder and the rotator
arrangement for angular measurements. For MoSi2 thin film samples, MR
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measurements were performed at different angles to check the anisotropy of the
material.

Figure 2.10: a) Sample holder puck for longitudinal and transverse electrical
measurements on PPMS. b) Sample holder for the rotational measurements. c) The
rotating rod arrangement for the angular measurements on PPMS.

Figure 2.11: a) Quantum design- Physical property measurement system-14T used in
this study. b) Vibrating sample magnetometer equipment for magnetic measurements.

2.7 Magnetic Measurements
2.7.1 Vibrating Sample Magnetometer:
A vibrating sample magnetometer is attached to the PPMS for taking the magnetic
measurements. The sample is oscillated near a detection coil and the induced voltage is
measured. The sample can be in powdered, compact or thin film form. For the thin
films, the diamagnetic signal contribution from the substrate needs to be subtracted
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from the total signal. This mode has a linear motor transport head for vibrating the
sample, a coil set puck for detection, electronic drivers for linear motor and the MultiVu software for automation and control. The magnetization measurements were taken
for Mn3Sn and Mn3Ge polycrystals and thin films with the change in temperature and
field and the background signal from the substrates was subtracted from the total
magnetic signal. Details of these measurements are given in the subsequent chapters.
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Chapter 3
Magnetoresistance in MoSi2
3.1 Introduction:
In this chapter, a comprehensive study of surface termination and direction dependence
of MR by fabricating and investigating different kinds of MoSi2 samples, including
single crystals, poly-crystals, textured thin films on Silicon substrates and the
polycrystalline films on the oxide substrates is presented. This gives an insight into the
bulk and thin film characteristics of the material. The material in its bulk polycrystalline
and single crystal form, shows a very high magnetoresistance which is modified when
considered in the thin film form in certain orientations. A large MR of 1000% is
observed in the polycrystalline sintered MoSi2 bulk sample. The MR in MoSi2 (110)
thin film limit shows weak anti-localization (WAL) behavior at low temperatures. First
principle calculations including spin orbit coupling reveal spin-orbit interaction induced
surface states, which is the origin of the observed WAL behavior.
MoSi2 crystallizes in the body centered tetragonal (C11b) structure with lattice
parameters of a=0.3206 nm and b=0.7847 nm and belongs to space group I4/mmm. It
has a high melting point of 2030°C with high temperature oxidation resistance. Due to
these properties, MoSi2 initially was incorporated commercially as a corrosion
protecting agent [1], high temperature structural material and as a high temperature
heating element [2]. With time, the electronic properties of this compound were
explored and the metallic nature of MoSi2 was established, after which, it found its uses
as a circuit element. This refractory silicide is important for different aspects of largescale integrated circuitry because of its very low resistance and the ability to withstand
high temperatures.
Recently, a giant, non-saturating MR of ~ 107% has been discovered in MoSi2 single
crystals, which was attributed to electron-hole compensation and high mobility of the
carriers [3, 4]. These features point towards a topological protection mechanism in the
single crystals of MoSi2. Similar high MR has also recently been observed in many
topological Dirac and Weyl semi-metallic systems such as WTe2, Cd3As2 [5], NbP [6],
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NbAs [7]. In many of these materials, the number of mobile holes is the same as the
number of electrons [8]. For any material with anisotropic bands, MR depends on the
orientation and the direction of current, because MR is governed by the Fermi contour
determined by the current and magnetic field directions. The dependence of orientation
and the direction of current has been observed on WTe2. It provides essential
information for understanding the band structure and topological physics of WTe2. Thin
film fabrication plays a key role in incorporating materials into useful practical
electronic devices. Different studies in the past have shown the textured film growth of
MoSi2,[9, 10] however, the detailed study of electronic properties with respect to the
electronic structures and MR dependence on orientation and direction of current of
MoSi2 has not been achieved yet. Exploration of these factors are the goal for this study.

Figure 3.1: Crystal structure of tetragonal MoSi2. a) The unit cell for body centered
tetragonal crystal structure of MoSi2. b) Primitive cell for MoSi2 crystal structure c)
Unit cell showing (110) and (001) planes of MoSi2.

3.2 Experimental Details:
3.2.1 Methods:
Three types of samples were prepared to make a qualitative comparison between the
changes in the transport properties.
3.2.1(i) Single Crystal Sample:
Single crystal was fabricated using commercially obtained polycrystalline MoSi2
cylindrical rods as the seed material for crystal growth in the floating zone furnace. A
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small crystal of around 8mm in length was obtained. Small flakes of the crystal (~3x1.5
mm) were used for the transport measurements by attaching gold wires to make
connections with the PPMS measurement puck.
3.2.1 (ii) Polycrystalline Pellet Sample:
Sintered pellets were made using high purity MoSi2 powder using Spark Plasma
Sintering. Polycrystalline pieces from rods were ground in a mortar for about 15-20
minutes and the fine powder was obtained. This powder was then loaded into a graphite
die with an inner diameter of 15 mm and then sintered at 1200°C under the axial
compressive stress of 50 MPa in a vacuum using SPS system. Disc shaped pellets were
obtained a few parts of which were cut and polished using Struers-Accutom in small
rectangular pieces of 4x3 mm for the magneto-transport measurements. Powder from
some pieces was used for XRD of these polycrystalline pellets.
3.2.1 (iii)Thin film samples:
MoSi2 thin films were deposited using Pulsed Laser Deposition (PLD) technique.
Commercially obtained MoSi2 polycrystalline targets were cut into small cylinders by
the Struers-Accutom cutting machine with the diameter of about 10mm and thickness of
3mm for the deposition of films. Rectangular pieces of insulating silicon substrates with
different orientations were cut with a diamond blade with an average size of ~5x4mm
and were ultrasonically cleaned for ten minutes and then dried. The pieces were then
attached to the center of the circular substrate holding plate with silver paste. 4 pieces
were used at a time to deposit the films to ensure that the whole cone of the plume
covers the substrate area, and a uniform deposition is carried out. The distance between
target and the substrate was around 5 cm. The PLD chamber was initially held at a
pressure of around 3.5-4x10-4 Pa. All the substrates were annealed before deposition at
700°C-750°C for 20 minutes. The depositions were made at the temperature of 500°C at
the vacuum level of 3x10-4 Pa for 45 minutes and the target rotation was kept on during
the deposition process. The laser power during the deposition process was set to 2W.
The chamber was then allowed to cool for three hours before taking out the samples.
Smooth and highly reflective films were obtained with low resistance. Many batches of
films were prepared for the transport measurements.
In the next phase of depositions, two oxide substrates were chosen for the deposition of
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MoSi2 films. SrTiO3 (STO) and LaAlO3 (LAO) were used as substrates and the films
were deposited using the same technique and procedures. In this case, polycrystalline,
rather than textured films were obtained which can be understood in terms of the
difference between the lattice parameters. The transport behavior of polycrystalline
films on oxide substrates also differed significantly as discussed in the following results.

3.2.2 X-Ray Diffraction:
XRD scans were carried out on the bulk samples and thin films, and it was found that
different textures of films are obtained for the different orientations of the substrates.
MoSi2 (001) orientation was obtained on Si (101) direction and MoSi2(110) orientation
was found for the Si (110), (100) and (111) orientations. The films on the oxide
substrates STO and LAO were found to be polycrystalline. The vertical axis is drawn
ending at a small value of y to make the contribution from the film visible as the signal
from the substrate was strong. For measuring the thickness of the film, X-Ray
reflectivity measurements were carried out on Empyrean-Malvern Panalytical XRD
machine, for one film of each orientation and it was found that the thickness of the films
varied between 70-100nm. Figure 3.2 shows the XRD scans of all the samples prepared
in the study.
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Figure 3.2: X-Ray Diffraction images of MoSi2 samples. a) MoSi2 film on (100)
LaAlO3 b) MoSi2 film on (001) SrTiO3 c) (001) MoSi2 film on Si (101) d) (110) MoSi2
film on Si (111) e) (110) MoSi2 film on Si (100) f) MoSi2 ingot powder. The peaks for
polycrystalline ingot show a pure and clean phase of MoSi2. Si (100) and Si (111) favor
the growth of (110) direction of MoSi2. The oxide substrates, however, show a
polycrystalline, but a single-phase deposition.

3.2.3 Atomic Force Microscopy:
Atomic Force Microscopy (AFM) was carried out on MoSi2 (001) films. Model MFP3D from Asylum Research was used in non-contact mode. The sample was fixed on a
slide using double-side adhesive tape. Figure 3.3 shows the surface and phase scans for
selected areas of scan of 1 and 2 μm2. Smooth films with the surface roughness of less
than a nanometer were observed.
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Figure 3.3: Atomic Force Microscope images of MoSi2 (001) film. a, b) AFM height
scans of MoSi2 (001) orientation thin film of 1μm2 and 2 μm2 area. c, d) AFM phase of
MoSi2 (001) orientation thin film of 1μm2 and 2 μm2area respectively.

3.2.4 Scanning Electron Microscopy:
Scanning Electron Microscopy (SEM) was also carried out on MoSi2 (110) thin film
samples. For the cross-sectional measurements, thin films were cut using a mechanical
cutter to ensure smooth edges worthy of observation and measurement through SEM.
The EDX analysis was also carried out to understand the significantly different behavior
of the films on oxide substrates. Smooth films were observed, with the exceptions of a
few bigger microstructures on the film. Through EDX analysis, it is found that those
structures contain oxygen. Figure 3.4 (a) shows the cross-sectional micrographs of the
MoSi2 (110) film on Si substrate. The line analysis shows the elemental distribution
along the cross-sectional direction which shows a little diffusion of silicon at the
interface between the substrate and the film. This means that the films are slightly Mo
deficient at the interface but as we move towards the surface, the stoichiometry is
restored. It was found that there was metallic diffusion from substrate to film for the
77

case of oxide substrates as can be seen in Fig. 3.4 (b). The diffusion of metal between
the film and the substrate significantly changes the electronic behavior of the samples
which will be discussed in detail. No oxidation or impurities were observed for the
textured films on Si substrates as shown in Fig. 3.4 (c).

Figure 3.4: Scanning Electron Microscopy images of MoSi2 thin films. a) Cross
sectional SEM image and line analysis of MoSi2 (110) film on silicon substrate showing
the element distribution with distance. Cross-sectional SEM images and EDX analysis
of b) Polycrystalline MoSi2 film on LAO substrate c) (110) MoSi2 film on Si substrate.

3.2.5 Electrical Resistivity Measurements:
Magneto-transport measurements were carried out on MoSi2 polycrystalline, single
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crystals, textured and polycrystalline thin films. In the standard transport measurement
protocol, four-probe configuration was employed with the current applied in-plane and
magnetic field applied perpendicular to the direction of current. The transport
measurements were done on a 14-Tesla PPMS. Gold contacts were deposited on the
film using a sputter coater. Gold wires were then used to make the contacts using silver
paste.
The electrical resistivity of the samples was measured with the varying temperature in
the absence of magnetic field using PPMS, and low resistivity values were obtained for
all the samples as shown in Table 1. Figure 3.5 shows the resistivity in all the samples is
a function of temperature. It was found that the resistivity of MoSi2 thin films is higher
than that in MoSi2 bulks at the low temperature, but smaller at higher temperatures.
Both MoSi2 bulks and thin films show that the material behaves as a classical metallic
conductor. A very small change (~ 3 μΩ) in the resistivity was observed in the MoSi2
thin films over the temperature range of 3K to 300K, used in the experiments. The
lowest resistivity was observed for the single crystal sample as expected owing to the
lack of defects. The low electrical resistivity and the higher thermal stability of this
material are the desired features in microelectronic devices. The largest change in
resistivity (~120μΩ) was observed for the pelletized sample. The trend of logarithmic
increase in resistivity with the increase in temperature was observed in the bulk
samples.

Figure 3.5: Resistivity vs. temperature measurements for MoSi2 samples. RT curves
for MoSi2 (110) and MoSi2 (001) thin films, pellet, ingot and single crystal samples are
shown in the figure.
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Ρ

Sintered

Ingot

Pellet

Single

MoSi2(110 MoSi2(110)

MoSi2(001)

crystal

on Si(100) on Si (111)

on Si(101)

3K

~11 μΩcm

3 μΩcm

~2 μΩcm 49 μΩcm

59 μΩcm

49 μΩcm

300K

131 μΩcm

47 μΩcm 18 μΩcm 51 μΩcm

62 μΩcm

51 μΩcm

Table 3-1: Comparison of resistivity values of different MoSi2 samples at 3K and
300K.
3.2.5 (i) Magnetoresistance Measurements:
Magnetoresistance was calculated using the formula:
𝑀𝑀𝑀𝑀 =

𝑅𝑅(𝐵𝐵) − 𝑅𝑅(0)
𝑅𝑅(0)

Where R(B) is the resistance in the presence of an applied magnetic field and R(0) is the
resistance in the absence of the field. The MR was measured for all the samples and
expressed in percentages, as displayed in Fig. 3.6 and Fig. 3.7. MR for single crystal,
pellet and the (001) orientation films at higher temperatures have the parabolic
dependence on the field. The linear fittings of MR versus B2 are shown in Fig. 3.8. The
transverse MR for a material, with two types of charge carriers with different mobility,
is parabolic at lower fields as shown by our bulk samples. The highest value of MR was
observed in the sintered sample pellet i.e. 1000 %. For single crystal, the value is
lowered to 800%. The non-saturating behavior of the MR in both the polycrystalline
pellet and single crystal sample signals towards both electrons and holes taking part in
conduction.
The MR behavior of the films varies significantly from the crystal and pellet samples
and their values are less than 5% for all films with different orientations. The MR curve
of (001) orientation film shows almost linear behavior in the low temperature regime
and parabolic at higher temperatures. For the (110) orientation, however, there is a sharp
cusp at the low field region at 3K and it saturates at high fields. For higher temperatures,
MR drops significantly but shows a nearly linear behavior. There are a few possible
reasons for the big difference of MR behavior between the bulk and thin films samples.
The chemical compositions for the thin films should be slightly different from the
crystal or pellet samples since films were fabricated and annealed at 700°C on silicon
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substrate, causing diffusions at the interface which is also evident through SEM
measurements as shown in Fig. 3.4. If the material has surface states in addition to its
bulk states due to SOC effect, the surface states should also contribute to the overall MR
behavior in thin film samples, while the bulk states would dominate in crystal and pellet
samples. To find out if the SOC has strong effect on the band structures in MoSi2, we
performed calculations of band structure with and without SOC for both bulk and
surface states.

Figure 3.6: MR of MoSi2 bulk samples. a) MR of MoSi2 single crystal b) MR of
MoSi2 polycrystalline pellet.

Figure 3.7: MR of MoSi2 thin film samples. a) MR of MoSi2 (001) film on Si (101) b)
MR of MoSi2 (110) film on Si (111) c) MR of MoSi2 (110) film on Si (100).
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Figure 3.8: MR vs B2 plots and the linear fits (green) for MoSi2 a) Single crystal
sample b) Pellet and c) (001) oriented film on Si (101) substrate at higher temperatures,
showing the quadratic nature of MR.

3.3 First principle calculations:
First principle calculations were performed using the density function theory (DFT)[11,
12] implemented by the Vienna Ab initio Simulation Package (VASP)[13]. The
exchange-correlation function used is the General Gradient Approximation (GGA)[14]
with Perdew-Burke-Ernzerhof (PBE) formulation[15]. Structural optimization was
performed, and the atomic position and cell vectors were relaxed until the energy,
maximum force, and maximum displacement were less than 5×10-8 eV and 0.01 eV/A, a
36×36×16 K-point mesh was used to sample the Brillouin zone with a cut off energy of
500eV for the plane wave basis. The surface states and spin texture were calculated
using the using tight-binding model parameters and Hamiltonians were derived from the
Wannier functions [16, 17].
The band structure in Fig. 3.9 (a) demonstrates the co-existence of holes (Γ-point) and
electrons (Z point) in the bulk Brillouin zone. The majority charge carrier contributions
are from the d and p orbitals of the Mo atoms at the Fermi level as shown in Fig. 3.9 (b).
The zoomed-in energy range from -0.8 to 0.2 in Fig. 3.9 (c), shows that the bands at Z
point are clearly split by the SOC and the gap is significantly widened for both upper
and lower bands. For the upper bands, the gap is nearly 0.1eV and the lower band has a
gap of ~0.05eV. This means that the SOI in this compound is indeed strong. The bands
crossing the Fermi level do not show much difference with the SOI, which indicates that
the SOI should have a weak effect on the bulk transport properties.
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Figure 3.9: Electronic structures of MoSi2. a) Band structures with (w) and without
(wo) SOC b) The density of states profile for Mo and Si atoms at different energies c)
Zoomed in band structure in a low energy range showing gap opening at Z point with
the inclusion of SOC d) Brillouin Zone for MoSi2 showing high symmetry points.

3.4 Surface States:
MoSi2 (110) films on the silicon substrates show a dip in the low temperature and low
field region, which is a manifestation of the weak anti-localization stemming from the
strong SOI. Due to the large SOI strength, detailed calculations of surface band
structure were performed and are shown in Fig. 3.10 and Fig. 3.11. This effect is
observed in many other systems of both bulk and thin film formats. As weak antilocalization in the magnetoresistance is a signature of the surface states, this should give
rise to non-trivial Z2 number. Our calculations of the Z2 values derived from tight
binding Hamiltonian suggests that the Z2 value is indeed non-zero.
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Figure 3.10: a) Surface states projected along the x-axes b) Fermi arcs projected along
the 𝑋𝑋′ − 𝛤𝛤 − 𝑋𝑋 path in the first Brillioun Zone along with the corresponding c) Spin
textures around the 𝑋𝑋′ − 𝛤𝛤 − 𝑋𝑋 point.

The surface states are highlighted in the band structures, Fermi surfaces and spin

textures as shown in Fig. 3.11. The surface bands show 3-4 carrier channels at the fermi
level and the spin textures show the existence of Rashba like spin orbit coupling.
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Figure 3.11: a, b) Surface states projected along the x-axis c) Fermi surfaces and d, e)
Spin textures around the 𝛤𝛤 point.

The linear dependence of transverse MR on the magnetic field, as shown by MoSi2
(001) film, has been discussed in different theories and models. It can be attributed to
either quantum or classical effects. According to the quantum version of the linear MR
(LMR) it originates from the linear bands or the occupation of the lowest Landau level
under the application of field as explained by Abrikosov [18], this should yield high
value for MR. As our first principle calculations show the parabolic band structure, this
quantum MR cannot be the reason for the linear MR in our samples. Many classical
models and studies on the linear MR hold the presence of defects and the mobility
fluctuation of the carriers responsible for this linear behavior as explained by the Parish
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Littlewood Theory.[19-21] Another 3D model for metal-semiconductor composites
explains LMR originating from the Gaussian distribution of the mobility in the 3D
samples[22]. The linear behavior of the MR at lower temperatures in MoSi2 (001)
indicates disorder driven behavior.
Along (110) orientation of the MoSi2 films, however, the MR shows a cusp at the lower
fields at lower temperatures which can be attributed to the weak anti localization
effects[23] also observed in other topological thin film systems such as Cd3As2 [24],
Bismuth Selenide [25], Bi2Se2Te [26], DyPdBi [27]. It is an interesting finding as this
quantum effect is observed due to strong intrinsic SOC [28-30], the extrinsic impurity
spin orbit effects[31] or the topological nature of the surface states[32]. In the presence
of spin orbit coupling, the quantum correction to the conductivity can be explained
using HLN (Hikami-Larkin-Nagaoka) equation. At low temperatures, diffusive
transport systems with little disorder can be modelled using the HLN equation[23, 33]
∆σ𝐻𝐻𝐻𝐻𝐻𝐻 (B) = α

𝑒𝑒 2
ℏ
1
ℏ
�ψ �
+ � − ln �
��
2
𝜋𝜋ℎ
4𝑒𝑒Bℒ
2
4𝑒𝑒Bℒ 2

Where, ∆σ(B) represents change in magneto-conductivity, ψ is the digamma function, e
is the electronic charge, h is the Planck’s constant,

ℏ

4𝑒𝑒ℒ 2

is the characteristic magnetic

field, B is the applied magnetic field, ℒ is the phase coherence length and α is a pre-

factor that indicates the type of localization and the number of surface bands.

For our results, the fittings were made using the HLN equation on the thin film samples,
the fitted curve is shown in Fig. 3.12. The fitted phase coherence length for MoSi2
(110)/Si (111) is 44 nm with α pre-factor of -2.2 “α” takes on a value based on the
number of conducting channels in the system. For a single conducting channel, it takes

the value of 0.5, however, the mixing of states can lead to a smaller value. The WAL
behavior in our thin film samples point towards the strong spin orbit contribution in the
transport. The anisotropy of the electronic transport along different orientations of the
structure becomes evident from the observation of the weak anti-localization effects
along this orientation and linear behavior even at higher fields on the other. This change
of behavior along different directions also implies the presence of both protected and
conventional states in this material which has been pointed out previously [3].
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Figure 3.12: HLN equation fitting (green) on the magneto-conductivity (blue) of the
MoSi2 (110) film on Si (111) substrate at 3K.
For the polycrystalline films obtained on two oxide substrates, the MR is nearly zero.
We believe that this decrease in the MR is caused by the metal diffusion between the
substrate and the film that is evident from the EDX spectra obtained through SEM for
the film deposited on LAO substrate. Metals follows a nearly free electron model, in
which the high MR effects are not observed if the electrons and hole densities are
different. To confirm this, the density of states (DOS) was calculated for aluminum
introduced MoSi2 and it shows that the DOS is sufficiently increased by this metallic
diffusion as shown in the Figure 3.13. Calculation of Al diffusion in MoSi2 were
performed by substitutional doping of Mo with Al at one Mo site for every 2x2
supercell of MoSi2 resulting in an atomic percentage of 2.1 at. %. The 2x2 structure was
then optimized until 10-6 eV/Å. A 36×36×16 K-point mesh was used to sample the
Brillouin zone with a cut off energy of 500eV for the plane wave basis.

Figure 3.13: The comparison of DOS for pure MoSi2 (Teal) with the added aluminum
(Grey). The DOS at Fermi level increases with the addition of aluminum.
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3.5 Hall Effect Measurements:
The Hall measurements were carried out on the MoSi2 (110)/Si (111) thin film samples
and polycrystalline thin film on oxide substrate, as shown in Fig. 3.14. In the previous
report for MoSi2 single crystals, both the electrons and holes are deemed responsible for
the transport. The Hall resistance for our measured samples do not show sign reversal
with the change in temperature and the negative slope indicates that the charge carriers
are electrons. The mobility calculated by the Hall measurements for the thin film
samples are low (~18cm2/Vs) and the Hall behavior is nearly independent of the
temperature.
For the materials following a multi band transport, with quadratic MR, the mobility is
calculated by the MR data using the formula 𝜇𝜇 =

(𝛥𝛥𝛥𝛥/𝑅𝑅)
𝐵𝐵

1/2

[34] . To gain an insight

into the transport properties, it is essential to consider both MR and Hall measurements.
Figure 3.15 shows a plot of the mobility of the carriers against temperature. The values

for the pellet and the single crystal show a similar trend and the highest mobility is
exhibited by the pellet sample (3162cm2/Vs). Correlating this behavior with the one of
change in resistance with the temperature, it can be deduced that as there is not much
change in the measured resistivity of the films with temperature, they can be better
understood by the Hall measurements i.e., the representative mobility for thin film
samples is the one calculated by the Hall measurements. For the bulk samples however,
the change in the resistivity with temperature is quite defined as represented by the MR
curves, so the representative mobility would be MR mobility in that case with
contributions from both types of carriers as the calculated band structure also depicts.
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Figure 3.14: The Hall resistance graphs. a) The Hall resistance graph for the (110)
oriented MoSi2 thin film on Si substrate. b) The Hall resistance graph for the
polycrystalline thin film sample on the oxide substrate. The difference in the slope of
both oriented and polycrystalline films indicate the different carrier type in the films.

Figure 3.15. The MR mobility calculated for: a) Thin film samples of (001) MoSi2
and (110) MoSi2. b) Pellet and crystal samples, using the formula 𝜇𝜇 =

(𝛥𝛥𝛥𝛥/𝑅𝑅)1/2
𝐵𝐵

For

thin film samples, the mobility decreases at 10K rapidly and then decreases smoothly,
however, for the bulk samples, mobility increases till measured 20K and decreases
rapidly at 100K.

3.6 Conclusions:
The studies on the synthesis, characterization and magneto-transport measurements of
MoSi2 bulk and thin film samples with different orientations were conducted. It was
found that the highest MR value is exhibited by the sintered samples of polycrystalline
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MoSi2. The MoSi2 single crystal doesn’t display the giant MR as reported earlier, which
can be attributed to the possible lack of stoichiometry in our single crystal sample. The
MR in MoSi2 thin film samples is different from the bulk and shows different character
in different orientations. MoSi2 (001) orientation shows impurity driven linear behavior,
while (110) orientation shows SOC induced weak anti-localization effects. A detailed
DFT calculation identified spin-momentum locked surface states.
The results show that the electronic properties of MoSi2 depend on their composite
formats, substrates and growth orientation. The MoSi2 bulk samples have higher
mobility and MR values while the MoSi2 thin films have lower mobility and MR values.
The MR also has different dependence relations with the temperature which show the
phonon contributions becoming relevant at higher temperatures and decreasing the MR.
The MR in MoSi2 bulk systems is parabolic and non-saturating at high magnetic fields
while for the thin films, it shows different behavior for different orientations. For (001)
oriented films, it is linear at lower temperatures pointing towards the disorder effects.
MoSi2 (110) oriented films, however, show weak anti-localization behavior driven by
the SOC in this material.
MoSi2 demonstrates tunable MR property in both bulk and thin film samples depending
upon the interface effects between MoSi2 films and substrates. The thin films on silicon
are oriented with uniform surfaces as compared to the ones deposited on the oxide
substrates due to the strain between MoSi2 films and substrates, which can modify the
electronic structure [35, 36]. Therefore, the electronic properties in MoSi2 can be
modified through interface engineering. This unique property could find important
applications in tunable magnetic devices like magnetic sensors.
The resistivity in MoSi2 films with (110) orientations grown on Si substrates is as low
as 5×10-5Ωcm and is nearly independent of temperature. In modern electronic devices,
the performance and capability starts to decrease with increasing temperatures. The
increased temperature may come from waste heat or current caused thermal effects.
Through improving electron mobility, by either gating or doping, MoSi2 films could be
used for designing and fabricating nano-electronic devices.
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Chapter 4
Anomalous Hall effect and large anomalous
Hall conductivity in polycrystalline Mn3Sn
thin films
4.1 Introduction:
Topological antiferromagnets play a significant role in combining the topological and
spintronics phenomena due to the presence of peculiar symmetries and magnetically
driven large anomalous transport behavior. With these effective symmetries,
antiferromagnets can yield more interesting phenomena than ferromagnets due to their
strong spin transfer torque[1]. Many unique properties of the antiferromagnetic
materials arise due to their magnetic invisibility and long range internal magnetic order.
The exhibition of anomalous Hall effect due to the berry curvature of the Weyl nodes
and a display of anomalous hall conductivity makes these materials fascinating for
exploring their properties in depth and using them in switching devices. Several
magnetic transport phenomena like anomalous Hall effect (AHE), topological Hall
effect (THE), optical Kerr effect were understood only for the case of ferromagnets until
their recent discovery in antiferromagnetic materials. The combined effect of time
reversal breaking symmetry and a strong spin orbit coupling was thought to be the only
reason for the anomalous hall effect in the ferromagnets but these effects now
manifesting themselves in AFMs have generated active research in these materials and
the main role of the large field due to the Berry phase has been established for the
observation of these effects.
In the realm of topological antiferromagnets, Mn3X (X=Sn, Ge, Pt, Ir) series of
materials has a special relevance for spintronic applications due to the presence of
variety of magnetic phases and phase transitions. These compounds possess different
crystal and electronic structures, however, the positioning of Mn atoms create triangular
or pyramid like atomic connections in all these systems. This situation consequently
generates geometrically frustrated AFM order. Many non-collinear magnetic materials
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have the presence of the Mn atom, that being at the center of the transition elements,
generates a strong competition between FM and AFM interactions in a material [2].
This chapter presents a detailed study of the magnetic, longitudinal and transverse
transport properties of Mn3Sn polycrystalline thin films and bulk. A polycrystal that was
also used as the target for the deposition of the thin films, was synthesized using a
vertical furnace. Anomalous Hall effect was observed for the polycrystalline thin films
with a large anomalous Hall conductivity of 65 (Ωcm)-1 at 3K that remains greater than
60 (Ωcm)-1up to 20 K. Anomalous Hall conductivity of about 100 (Ωcm)-1 has been
reported for Mn3Sn single crystals [3], however, such large anomalous Hall
conductivity has not been reported for Mn3Sn thin films. Transport and magnetic
measurements were performed for the polycrystal to compare the behavior of the thin
films with the bulk. Polycrystalline thin films of Mn3Sn were deposited on Pt coated
Al2O3 substrates using Pulsed Laser Deposition (PLD).
Mn3Sn was theoretically described as a material hosting Weyl nodes with the exhibition
of a large anomalous Hall conductivity [4, 5]. Large AHE has been reported for the
single crystals and the thin films of Mn3Sn [3, 6-9]. The presence of Weyl fermions has
been detected through a combination of ARPES studies along with the first principle
calculations. The experimental evidence for the presence of Weyl nodes was presented
with the help of angle resolved spectroscopy by directly observing the Weyl nodes
using single crystals [10]. Mn3Sn is one of the very first antiferromagnetic Weyl
semimetals and the reported transport studies also provided significant evidence for the
role that Weyl fermions in play in this material. Positive magneto-conductance for the
parallel direction of magnetic field with the current, and negative for the perpendicular
direction, shows positive signatures of the chiral anomaly in the material [11]. Magnetooptical Kerr effect has also been reported for this material also being the first MOKE
report on antiferromagnets. A large zero field Kerr rotation angle at room temperature,
as large as found in ferromagnets, was reported for Mn3Sn single crystals [12, 13]. This
attracted significant interest in this material and other Mn based non-collinear
antiferromagnets (Mn3X series) exhibiting strong anomalous Hall Effect. A fictitious
magnetic (Berry) field of more than 200 T is generated by the band structure of these
materials in order to explain the exhibited AHE [14].
Mn3Sn has a hexagonal crystal structure with lattice parameters a=b=5.592A, c=4.503A
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and belongs to the space group P63/mmc. It is an antiferromagnet that exhibits non
collinear ordering of Mn moments below the Néel temperature of 420K [15]. An
antiferromagnetic moment of 3 μB and a very small ferromagnetic moment of 0.002 μB
appears per Mn atom. The basal plane (0001) of Mn3Sn consists of Mn atoms arranged
in a kagome lattice, with the non-collinear inverse triangular spin structure with the
neighboring moments aligned at 120°, and the Sn atoms lie at the center of the hexagons
formed by Mn atoms. The small ferromagnetic moment arises due to the slight canting
of the triangular Mn spins towards their easy axis and the non-stoichiometry of the
compound where Mn atoms take some of the Sn positions. The compound is reported to
be stable in a slight excess of the Mn atoms[16]. Considering the bi-layer magnetic
lattice with 120° non-collinear antiferromagnetic ground state, there are three important
symmetries which remain preserved. First of all, the two layers constituting the unit cell
can be transformed into each other via inversion or a non-symmorphic symmetry {My
|t=c/2}, i.e., a mirror reflection My accompanied by a half lattice translation along the caxis (c/2). In addition to this non-symmorphic symmetry, two symmorphic symmetries
also exist, MxT and MzT, i.e., time reversal symmetry (T) followed by mirror reflections
Mx and Mz. These three symmetries MxT, MzT and My can be utilized to confirm the
existence and understand the location of the Weyl points in the electronic structure. In
momentum space, if a Weyl point exists at a generic point k(kx, ky, kz), with a positive or
negative chirality (χ), since the mirror symmetries act only on k, while the time reversal
symmetry acts both on k and the spin degrees of freedom, mirror symmetry will reverse
the chirality while time reversal won’t.
These symmetries will transform k and χ as follows:
M xT : ( k x , k y , k z ) → ( k x , − k y , − k z )
M zT : ( k x , k y , k z ) → ( − k x , − k y , k z )
M y : (k x , k y , k z ) → (k x , −k y , k z )

M xT : χ → − χ
M zT : χ → − χ
M y : χ → −χ

First of all, the chirality reversal under each of these three symmetry operations
guarantees the doubling of the Weyl points i.e., both Weyl points and their mirror
images exist across the mirror plane Mγ=x,y,z. Secondly, the Weyl points cannot reside on
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ky = 0 (ky = π) plane. The mirror symmetry My reverses the chirality while the
momentum degrees of freedom remain the same. The Weyl point and its mirror image
would be annihilated even if they exist on ky = 0 (ky = π) plane. However, both kx = 0(kx
= π) and the kz = 0(kx = π) planes can host Weyl points and their mirror images. As a
result, the electronic dispersions of both Mn3Sn and Mn3Ge can host 8 non-equivalent
Weyl points. Four with a positive chirality at (±kx, +ky, ±kz) and other four with a
negative chirality at (±kx, -ky, ±kz). Due to the presence of the small net moment, slightly
broken symmetry of the 120° AFM state may induce a perturbation which can slightly
shift the mirror image of the Weyl point from its actual position and perturb the surface
states [15, 17, 18]. As long as the perturbation effects on the surface states are
negligible, transport properties remain unaffected.

Figure 4.1: Basal plane for Mn3Sn crystal-Kagome lattice of Mn atoms at the corners of
the hexagon and Sn atoms at the center. Arrows show the spin orientation.

4.2 Experimental Methods:
4.2.1 Polycrystal synthesis:
Polycrystalline samples of Mn3Sn were prepared using the vertical furnace. For the
synthesis of Mn3Sn polycrystal, 99.9% pure powders of Manganese (Mn) and Tin (Sn),
bought from Sigma Aldrich, were taken (with 10% excess Mn powder for the stability
of the structure) and mixed and ground well in a mortar for ten minutes. Mixed powders
were then sealed into a quartz tube and loaded into the furnace. The samples were then
heated to 1000°C at the rate of 100°C/h and then kept at 1000°C for 6 hours, then
cooled to 900°C at the rate of 1.25°C/h, which was then cooled down to room
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temperature under ambient conditions.
Round dark grey polycrystalline sample of 9-10 mm thickness was obtained which was
then cut into two pieces. One round tablet shaped piece was used as a target for the thin
films. The other piece was further cut into small rectangular pieces of size 3x4mm using
Struers-Accutom cutting machine and polished for the transport measurements. Small
extra pieces were finely ground in a mortar to carry out the X ray diffraction
measurements.

4.2.2 Thin Film deposition and optimization:
The deposition of the thin films was carried out on various substrates including Silicon,
SiO2, yttrium stabilized zirconia (YSZ), SrTiO3 (STO), and bare Al2O3. The final
substrate for the deposition was chosen as Pt coated Al2O3 for the deposition of thin
films as it showed the best results with no extra peaks in the XRD scans. Some initial
transport measurements were carried out on the thin films deposited on silicon and the
results are presented below.
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Figure 4.2: XRD scans of Mn3Sn films deposited on different substrates. The top panel
shows the XRD scan for powdered Mn3Sn polycrystalline powder. Other panels show
the films deposited on SiO2, STO and YSZ substrates.
The films deposited on the SiO2, STO and YSZ substrates exhibited a polycrystalline
Mn3Sn phase as shown in Fig. 4.2. The scans, however, had some extra unidentified
peaks probably coming from other mixed phases and oxides of Mn. Some initial
transport measurements were also carried out on these films.
Films were also deposited on Si substrates, although the XRD scans gave the same
pattern for all depositions, the transport measurements on these films showed quite
surprising results. Some of the thin film samples showed superconductivity based on the
measurements of the magnetoresistance and the resistance variation with temperature as
shown in Figure 4.3.
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Figure 4.3: The longitudinal resistance measurements for Mn3Sn film deposited on
Silicon. a) The change in longitudinal resistance with the temperature from 300K to 3K.
The inset shows the zoomed in change in resistance from 8K to 2K, showing that the
resistance starts to drop to zero at 4.5K. b) The change in resistance with the applied
magnetic field at lower temperatures.

Figure 4.4: The change in resistivity with the temperature for another sample of Mn3Sn
thin film deposited on Silicon substrate. The inset shows the change in resistivity from
2.5K to 6K at different applied fields.
The temperature at which that phase appeared was around 4K which is close to some
forms of Sn exhibiting the superconducting behavior [19, 20]. SEM was conducted on
these samples to find out whether there are any suspended Tin particles on the surface.
The SEM images with the EDS analysis for these samples are shown in Fig. 4.5. An
area with a suspended micro particle on the top of the surface was picked to check the
possibility of it being a tin (Sn) particle, and the contacts being attached to such
particles to represent the effects of these particles on the transport properties. Three
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points (spectrums 4, 5, 6) were chosen where 5 and 6 were at the points with no such
particles present. One point (spectrum 4) was chosen on the particle to check the
elemental distribution there. It was, however, found that those few suspended particles
on the surface were not Sn, but rather Sn deficient. To check if all such particles on the
surface had a different elemental ratio, we performed the EDS on other samples.

Figure 4.5: SEM images and EDS analysis for the Mn3Sn films deposited on Si
substrate showing superconductivity in the transport measurements. The figure shows
the electron image, the layered EDS image and the EDS images showing Si, Sn and Mn
elemental EDS.

101

Figure 4.6: The XRD patterns obtained through the SEM showing the scans for
spectrums 4, 5 and 6 as mentioned in the electron image of Fig. 4.5.
Another sample was chosen with these micro-particles on the surface and the EDS was
performed in that region but again it was found that these small particles on the surface
may add to the roughness of surface, but they didn’t add an extra phase to the film. A
few particles might have Sn deficiency and affect the uniformity of the films but those,
in general, were not Mn or Sn deficient sites as shown in Fig. 4.7.
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Figure 4.7: The surface SEM and EDS imaging for another Mn3Sn film sample on Si
substrate showing superconductivity in transport. Figure shows the electron image, the
layered EDS and the elemental EDS for Si, Mn and Sn. The microstructures on the
films show that they contain both Mn and Sn excluding the possibility of suspended Sn
particles.

Figure 4.8: The XRD for the Fig. 4.7 along with the atomic percentages of the elements
in the map sum spectrum.
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To further study the sample and find out the reason for unexpected superconductivity
exhibited by few samples, a sample was sent for the near edge X-ray absorption fine
structure synchrotron measurements. The sample and the measurement set up at
different incident X-ray angles is shown in Fig. 4.9.

Figure 4.9: Experimental set up for the synchrotron measurements. Sample’s position
at normal incidence of the X-rays.
The results obtained from the synchrotron measurements showed that Mn atoms were in
2+ valence state coordinated in a crystal field as shown in Fig. 4.10. It is important to
note here that Mn atoms are in such octahedral setting both in Mn3Sn and MnO which
provides a possibility for some fixed phase of the film containing MnO at the interface
or due to the oxidation of the surface of the film with time.
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Figure 4.10: Near edge X-ray absorption fine structure spectroscopy results for a small
area chosen on a superconducting Mn3Sn thin film sample.
Finally, thin films of Mn3Sn were deposited on Al2O3 substrates with a 5nm thin layer
of Pt deposited on the substrate using sputter coating that served as a buffer layer to aid
the growth and stabilize the deposition (as the lattice mismatch between Pt and Mn3Sn
is only around 0.12Aͦ).
Prepared polycrystalline bulk was used as a target for the deposition of the thin films.
Films were deposited using PLD. The substrates were cut into rectangular pieces of
~4x6 mm and ultrasonically cleaned in acetone. Films were deposited at a temperature
of 400°C (for 40 minutes) and were kept at the same temperature post deposition (for 15
minutes) to ensure uniform and smooth surface of the thin films. The distance between
the target and the substrate was 5cm and the deposition was carried out for 45 minutes.
The laser power used for the deposition was 2 J/cm2. The base pressure before the
annealing and deposition was set to 4x10-4 Pa.

4.3 Experimental Results:
4.3.1 X-Ray Diffraction:
Figure 4.11 shows the X-ray diffraction pattern for the powdered polycrystalline Mn3Sn
powder, Al2O3 substrate with 5nm Pt coating, and Mn3Sn thin film on Pt coated Al2O3
substrate. The XRD pattern of the powder obtained from the polycrystal revealed the
pure hexagonal single phase of Mn3Sn without any impurities.
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Figure 4.11: XRD images for bottom) Mn3Sn polycrystalline powder. Top) Mn3Sn thin
film deposited on Al2O3 substrate with 5nm Pt coating.

4.3.2 Scanning Electron Microscopy:
The average thickness of the films was 110 nm which was calculated by the SEM crosssectional images as shown in Figure 4.12.

Figure 4.12: Cross- sectional SEM image of Mn3Sn film on Pt coated Al2O3.
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4.3.2 Transport and Magnetic measurements for Mn3Sn polycrystal:
Figure 4.13 shows the change in the longitudinal resistivity (ρxx) measured as a function
of temperature in the range of 300 K down to 3 K. These measurements show a metallic
behavior with the maximum value of the resistivity at 300 K (167 μΩcm) and a value of
33 μΩcm at 3 K. The magnetic measurements on Mn3Sn polycrystalline bulk sample
performed in a Vibrating Sample Magnetometer (VSM) are shown in Fig. 4.14. Fig.
4.14 (a) shows the change in the magnetization with the temperature, in a small applied
field of 0.2T. Pink and blue curves show the measurements taken under field cooled
warming (FCW) and field cooled cooling (FCC) conditions respectively. The
temperature dependence of magnetization (MT) shows that the Tc for the polycrystal is
~250K. The change in magnetization with the applied magnetic field is shown in Fig.
4.14 (b) at different temperatures. Magnetization values (40 emu/cc at 4 T) at 10, 50 and
100 K do not show any significant change, however, the value decreases (30 emu/cc at
4 T) at a higher temperature of 200K. The coercivity exhibited by the polycrystal is
negligibly small (<0.05 T), owing to a very weak ferromagnetic moment in this
material. Inset of Fig. 2 (c) shows the zoomed-in version (up to the applied field range
of 0.14T) of the magnetization loops.

Figure 4.13: Variation in the longitudinal resistance with the change in temperature for
Mn3Sn polycrystal.
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Figure 4.14: a) Change in magnetization with temperature: Field cooled warming and
field cooled cooling conditions in the field of 0.2 T. b) Variation in the magnetization
with the applied field of up to 4 T for Mn3Sn polycrystal. Inset shows the zoomed in
view of the magnetization loops. The coercivity remains < 0.05 T at 10 K.

4.3.3 Longitudinal Resistivity of thin films:
For the thin films, the longitudinal resistivity (𝜌𝜌𝑥𝑥𝑥𝑥 ) as a function of temperature (RT)

was measured from 400 K to 3 K as shown in Fig. 4.15 (a). Inset shows the
measurement configuration for the longitudinal resistivity measurements. Magnetic
field was applied perpendicular to the direction of current for the MR measurements.
The value of longitudinal resistivity for the thin films is significantly decreased as
compared to the bulk polycrystalline sample ranging from 22 μΩcm at 400 K to 13
μΩcm at 3 K. The change in magnetoresistance (MR) with the applied field at different
temperatures is shown in Fig. 4.15 (b). The value of the MR% remains negative at all
the measured temperatures from 350 K to 3 K, with the decrease in the negative
magnitude at higher temperatures. The MR was measured for the applied field of up to 5
T, with the maximum negative value of 0.46% at 3 K. The negative MR is observed in
other topological magnetic materials and is attributed to the suppression of the spin
scattering and fluctuations [21-23]. In our thin films, the negative MR at lower
temperatures points to the fact that the fluctuations of Mn moments in the triangular
arrangement are decreased. As the temperature increases and gets close to the Neel
temperature, the MR starts to become positive as a result of more fluctuations and less
ordering of the spin arrangement. This is also consistent with the large anomalous Hall
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conductivity measured for lower temperatures that decreases at higher temperatures.

Figure 4.15: Longitudinal Resistivity measurements for Mn3Sn thin films. a)
Variation of longitudinal resistivity of Mn3Sn film with the temperature. Inset shows the
schematics for the measurement configuration. b) MR of Mn3Sn film at different
temperatures from 3 K to 350 K. The MR (%) remains negative up to the highest
measured temperature of 350 K, however, the magnitude of MR decreases with the
increase in temperature.

4.3.4 Magnetic measurements for polycrystalline Mn3Sn thin films:
Magnetic measurements on the thin film samples were carried out in the Vibrating
Sample Magnetometer (VSM) mode of the PPMS to investigate the origin of the
anomalous Hall effect. Fig. 4.16 shows the change in magnetization with the applied
field at different temperatures. The diamagnetic contribution from the background was
subtracted to get the magnetization loops for the thin films. The magnetization loops
show small hysteresis like Hall measurements with the value of magnetization
decreasing at the higher temperatures. This is due to the presence of a weak
ferromagnetic moment in this material due to geometric frustration of the Mn spins as
described earlier. The spontaneous magnetization values decrease from ~10emu/cc to
2emu/cc as the temperature increases from 3 K to 200 K. The value of coercivity is very
small and decreases from 0.2 T at 3 K to less than 0.1 T at 200 K, the hysteresis for the
Hall measurements, however, becomes vanishingly small at 50 K and higher
temperatures. It is interesting to note here that the magnitude of the magnetic moment
and coercivity remains almost same for both bulk and thin film samples.
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Figure 4.16: The change in magnetization for Mn3Sn thin film with the applied
magnetic field of up to 2T. The magnitude of the magnetic moment and the coercivity
decrease significantly at the higher temperatures.

4.3.5 Observation of anomalous Hall effect in polycrystalline Mn3Sn
thin films:
The Hall effect measurements were carried out on thin film samples under the applied
magnetic field of up to 3 T at different temperatures as shown in Fig. 4.17. The inset of
Fig. 4.17 (a) shows the measurement configuration for the Hall measurements carried
out on the thin film samples. Figs. 4.17 (b and c) show the Hall resistivity change with
the field for the lower (3, 5, 10, 20 K) and higher (50,100,150 K) temperatures
respectively. The applied magnetic field, the direction of current and the Hall voltage
are perpendicular to each other. The Hall resistivity (𝜌𝜌𝑥𝑥𝑥𝑥 ) shows a significant jump
around zero field with a small hysteresis. The value of 𝜌𝜌𝑥𝑥𝑥𝑥 and the hysteresis decreases

with the increase in temperature. The Hall measurements also indicate holes as being
the charge carriers in the thin films.
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Figure 4.17: Hall effect measurements for Mn3Sn thin films. a) The change in the
Hall resistivity for Mn3Sn thin film with the applied magnetic field at different
temperatures. Inset shows the measurement configuration for the Hall measurements.
The magnetic field was applied perpendicular to the plane of the sample. b) The change
in the Hall resistivity with the applied field at lower temperatures 3,5,10 and 20 K. The
magnitude of the Hall resistivity doesn’t vary much for this temperature range, however,
the hysteresis is reduced as the temperature is increased. c) The change in the Hall
resistivity with the applied field at higher temperatures of 50, 100 and 150 K. The
magnitude of the Hall resistivity reduces considerably with negligible hysteresis at this
temperature range.
𝐴𝐴
The anomalous Hall resistivity 𝜌𝜌𝑥𝑥𝑥𝑥
was calculated by the linear extrapolation of 𝜌𝜌𝑥𝑥𝑥𝑥 at

zero field. The variation of the anomalous Hall resistivity with temperature is shown in
Fig. 5 (a). The magnitude of the Hall resistivity decreases from 9 nΩcm to 2.5 nΩcm
with the increase in temperature from 3 K to 150 K. The magnitude of the anomalous
Hall conductivity was calculated using the formula:
𝐴𝐴
𝜎𝜎𝑥𝑥𝑥𝑥
=

𝐴𝐴
𝜌𝜌𝑥𝑥𝑥𝑥
2

𝐴𝐴 +𝜌𝜌2 �
�𝜌𝜌𝑥𝑥𝑥𝑥
𝑥𝑥𝑥𝑥

where, ρAxy is the anomalous Hall resistivity and 𝜌𝜌𝑥𝑥𝑥𝑥 is the longitudinal resistivity.
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(1)

4.4 Temperature dependence of Anomalous Hall conductivity
and Resistivity:
The calculated values for Hall conductivity are large at lower temperatures ranging from
65 (Ωcm)-1 at 3 K to 10 (Ωcm)-1 at 150 K. It is worth noting that σAxy ≥60 (Ωcm)-1 up to

20 K and starts to decrease at 50 K. The values of anomalous Hall resistivity and

conductivity decrease almost linearly with the temperature as shown in Figs 4.18 (a) and
4.18 (b).
As shown in Fig. 4.18 (b), σAxy starts to decrease with the increase in temperature. The

contribution from the impurity scatterings to the AHE would lead to its enhancement in

the high temperature regime. The quadratic dependence of σAxy on 𝜎𝜎𝑥𝑥𝑥𝑥 and its decrease
with the increase in temperature also point towards the intrinsic nature of the AHE
observed in the thin films.

Figure 4.18: a) The change in anomalous Hall resistivity with temperature b) The
change in anomalous Hall conductivity with temperature. Both the anomalous Hall
conductivity and resistivity decrease almost linearly with the increase in temperature.

4.5 Dependence of Anomalous Hall conductivity and
resistivity on longitudinal conductivity and resistivity:
Figure 4.19 (a, b) shows the variation of the anomalous Hall resistivity and conductivity
with the square of their longitudinal counterparts 𝜌𝜌𝑥𝑥𝑥𝑥 and 𝜎𝜎𝑥𝑥𝑥𝑥 that represents the
quadratic dependence of σAxy and ρAxy on 𝜎𝜎𝑥𝑥𝑥𝑥 and 𝜌𝜌𝑥𝑥𝑥𝑥 at the higher temperatures with
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slight deviation at the lower ones. The resistivity plot shows a negative slope as there is
an increase in the anomalous Hall resistivity at lower temperature when the longitudinal
resistivity decreases. The skew scattering mechanism gives rise to a linear dependence
of σAxy and ρAxy on 𝜎𝜎𝑥𝑥𝑥𝑥 and 𝜌𝜌𝑥𝑥𝑥𝑥 in the AHE. The side jump mechanism and the intrinsic
contribution from the Berry curvature both lead to the quadratic dependences.

Generally, it is very hard to distinguish between the extrinsic and intrinsic origins of the
AHE as both may be present at the same time. However, for topological materials, this
effect is independent of the extrinsic effects and depends completely on the electronic
structure and the magnitude of the Hall conductivity depends upon the relative position
of the Weyl nodes close to the Fermi level [24]. To further clarify the picture, AHE is
put into three regimes with respect to the dependence of σAxy and the magnitude of the
longitudinal conductivity. σxx > 106 (Ωcm)-1, 104 (Ωcm)-1 < σxx < 106 (Ωcm)-1and σxx< 104
(Ωcm)-1(Bad Metal regime) [25]. The effects from the skew scattering mechanism
dominate in the first range of very high longitudinal conductivity, the second range in
which the longitudinal conductivity for our thin film samples lies (6.2x104-8.5x104
(Ωcm)-1), is the regime in which the intrinsic effects are dominant.

Figure 4.19: a) The change in anomalous Hall resistivity with the square of longitudinal
resistivity b) The change in anomalous Hall conductivity with the square of longitudinal
conductivity. (The green lines show the linear fits on the plots)
For the case of Mn3Sn, the non-collinear antiferromagnetic order with the topological
electronic band structure, the Berry curvature does not become zero in the momentum
space and gives rise to a finite σAxy. As discussed above, scattering does not seem to play
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a role in generating AHE in the thin films that points to its intrinsic origin.

4.6 Conclusions:
The magnetic and electrical transport behaviors of Mn3Sn polycrystalline bulk and thin
films deposited through PLD were studied. The magnetic measurements on the bulk
sample give a very low coercivity, less than 0.05T and becomes negligible at the higher
temperatures due to the existence of a weak ferromagnetic moment in this material. The
longitudinal resistivity measurements show a low resistivity of ~13 μΩ-cm at the lowest
temperature.
Longitudinal resistivity measurements for thin films reveal much lower resistivity than
the bulk counterpart. A negative transverse MR is observed for thin films at all
measured temperatures up to 350K. Thin film samples also show the decrease of
coercivity with the increase in temperature like the bulk samples.
An anomalous Hall effect was observed in polycrystalline thin films of Mn3Sn (110 nm)
deposited on Pt coated Al2O3 substrates through PLD. A large anomalous Hall
conductivity of 65 (Ωcm)-1 was exhibited by the thin films at 3K, with the longitudinal
conductivity lying in the regime where intrinsic effects are dominant. The anomalous
Hall resistivity and conductivity decrease with the temperature dismissing the
possibility of AHE due to extrinsic contributions that generally become relevant at
higher temperatures.

References:
1.

Wang, Y.Y., et al., Spintronic materials and devices based on antiferromagnetic
metals. Progress in Natural Science: Materials International, 2017. 27(2): p. 208216.

2.

Hobbs, D., J. Hafner, and D. Spišák, Understanding the complex metallic
element Mn. I. Crystalline and noncollinear magnetic structure of alpha-Mn.
Physical Review B, 2003. 68(1): p. 014407.

3.

Nakatsuji, S., N. Kiyohara, and T. Higo, Large anomalous Hall effect in a noncollinear antiferromagnet at room temperature. Nature, 2015. 527: p. 212.

114

4.

Liu, J. and L. Balents, Anomalous Hall Effect and Topological Defects in
Antiferromagnetic Weyl Semimetals: Mn3(Sn,Ge). Physical Review Letters,
2017. 119(8): p. 087202.

5.

Kübler, J. and C. Felser, Non-collinear antiferromagnets and the anomalous
Hall effect. EPL (Europhysics Letters), 2014. 108(6): p. 67001.

6.

Kübler, J. and C. Felser, Non-collinear Antiferromagnets and the Anomalous
Hall Effect. Vol. 108. 2014.

7.

Higo, T., et al., Anomalous Hall effect in thin films of the Weyl antiferromagnet
Mn3Sn. Applied Physics Letters, 2018. 113(20): p. 202402.

8.

Matsuda, T., et al., Room-temperature terahertz anomalous Hall effect in Weyl
antiferromagnet Mn3Sn thin films. Nature Communications, 2020. 11(1): p. 909.

9.

Ikeda, T., et al., Anomalous Hall effect in polycrystalline Mn3Sn thin films.
Applied Physics Letters, 2018. 113(22): p. 222405.

10.

Kuroda, K., et al., Evidence for magnetic Weyl fermions in a correlated metal.
Nature Materials, 2017. 16(11): p. 1090-1095.

11.

Kuroda, K., et al., Evidence for magnetic Weyl fermions in a correlated metal.
Nature Materials, 2017. 16: p. 1090.

12.

Higo, T., et al., Large magneto-optical Kerr effect and imaging of magnetic
octupole domains in an antiferromagnetic metal. Nature Photonics, 2018. 12(2):
p. 73-78.

13.

Balk, A.L., et al., Comparing the anomalous Hall effect and the magneto-optical
Kerr effect through antiferromagnetic phase transitions in Mn3Sn. Applied
Physics Letters, 2019. 114(3): p. 032401.

14.

Kiyohara, N., T. Tomita, and S. Nakatsuji, Giant Anomalous Hall Effect in the
Chiral Antiferromagnet Mn3Ge. Physical Review Applied, 2016. 5(6): p.
064009.

15.

Tomiyoshi,

S.

and

Y.

Yamaguchi,

Magnetic

Structure

and

Weak

Ferromagnetism of Mn3Sn Studied by Polarized Neutron Diffraction. Journal of
the Physical Society of Japan, 1982. 51(8): p. 2478-2486.
16.

Nakatsuji, S., N. Kiyohara, and T. Higo, Large anomalous Hall effect in a noncollinear antiferromagnet at room temperature. Nature, 2015. 527(7577): p.
212-215.

115

17.

Zhang, D., et al., First-principles study of the structural stability of cubic,
tetragonal and hexagonal phases in Mn3Z (Z=Ga, Sn and Ge) Heusler
compounds. Journal of Physics: Condensed Matter, 2013. 25(20): p. 206006.

18.

Nagamiya, T., S. Tomiyoshi, and Y. Yamaguchi, Triangular spin configuration
and weak ferromagnetism of Mn3Sn and Mn3Ge. Solid State Communications,
1982. 42(5): p. 385-388.

19.

Zhang, Y., et al., Dramatic enhancement of superconductivity in singlecrystalline nanowire arrays of Sn. Scientific Reports, 2016. 6(1): p. 32963.

20.

Ding, Y., et al., Multiple Superconducting Transitions in Sn Films Grown by
Molecular Beam Epitaxy. 2019.

21.

Ohtsuki, T., et al., Strain-induced spontaneous Hall effect in an epitaxial thin
film of a Luttinger semimetal. Proceedings of the National Academy of Sciences,
2019. 116(18): p. 8803-8808.

22.

Geishendorf, K., et al., Magnetoresistance and anomalous Hall effect in microribbons of the magnetic Weyl semimetal Co3Sn2S2. Applied Physics Letters,
2019. 114(9): p. 092403.

23.

Shon, W., et al., Magnetic polaron and unconventional magnetotransport
properties of the single-crystalline compound EuBiTe3. Physical Review B,
2019. 100(2): p. 024433.

24.

Burkov, A.A., Anomalous Hall Effect in Weyl Metals. Physical Review Letters,
2014. 113(18): p. 187202.

25.

Nagaosa, N., et al., Anomalous Hall effect. Reviews of Modern Physics, 2010.
82(2): p. 1539-1592.

116

Chapter 5
Intrinsic Anomalous Hall effect in
polycrystalline Mn3Ge thin films
5.1 Introduction:
This chapter covers the details on the magnetic and electronic transport properties of
hexagonal Mn3Ge polycrystalline bulk and thin films deposited through PLD.
Anomalous Hall effect was observed for polycrystalline Mn3Ge thin films with a
coercive behavior in the magnetization showing the presence of a weak ferromagnetic
moment. The magnetic studies on both polycrystalline bulk and thin film is also
discussed. The analysis of the variation of the anomalous Hall resistivity and
conductivity and the magnetic moment suggests that the anomalous Hall effect observed
in these films is intrinsic in nature arising from the Berry curvature of the electronic
structure.
Mn3X series of materials (X=Ge, Sn, Ir, Pt) with their non-collinear antiferromagnetic
structure is highly sought after due to the exhibition of the large anomalous Hall effect
[1-5]. Mn3Ge has been theoretically and experimentally studied extensively in the recent
times due to the presence of Weyl phase with the chiral spin textures breaking time
reversal and inversion symmetry that leads to non-trivial transport properties [6-10].
Like Mn3Sn, Mn3Ge single crystals and thin films have been reported for the anomalous
Hall effect. These materials display novel transport properties such as AHE,[8-10]
Topological Hall effect [11], Anomalous Nernst effect [12-14], Magneto-optical Kerr
effect [15, 16] and Spin Hall effect [17].
Mn3Ge crystallizes in both tetragonal and hexagonal structures depending upon the
annealing and growth temperatures [18, 19]. The hexagonal crystals (belonging to the
space group P63/mmc) have a triangular AFM magnetic structure with two layers of Mn
atoms in a Kagome lattice arrangement and Ge atom being at the center of the hexagon.
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The unit cell of Mn3Ge consists of two layers of Mn triangles stacked along the c-axis.
Mn spins form a non-collinear triangular AFM arrangement being at an angle of 120°
with their neighbors forming a kagome lattice as shown in Fig. 5.1. A weak in-plane
moment (~0.007 μB/Mn atom) exists as a result of the tilting of the spins towards the
easy axis. The Néel temperature for the single crystals is reported to be between 380°C
and 420°C in different studies [20-22].

Figure 5.1: Kagome lattice plane formed by Mn atoms with Ge atoms at the center.

5.2 Experimental Methods:
5.2.1 Polycrystal Synthesis:
The Mn3Ge polycrystal was made using a vertical furnace. Stoichiometric amounts
(with a little excess of Mn for the structural stability of the compound) of 99.9% pure
Mn and Ge powders, obtained from Sigma Aldrich, were weighed and ground in a
mortar for 10-15 minutes. These powders were mixed and sealed into quartz ampule
under vacuum. This ampule was then hung at the bottom of a vertical furnace which
was heated to a temperature of 980°C at the rate of 100°C/h and kept at this temperature
for an hour. The mixture was then slowly cooled to 740°C at the rate of 1.25°C/h and
kept at this temperature for 15 hours. It was then cooled down to room temperature
under ambient conditions. Round disc of metallic grey polycrystal of 1.5cm diameter
and ~0.75cm thickness was obtained. Thin slices of 3mm were cut from the polycrystal
using Struers accustom 50 cut-off machine. This was then polished into a rectangular
piece of 4x3mm and a thickness of 1mm using a Struers Tegramin 20 grinding and
polishing machine. The other piece was powdered for the X-Ray Diffraction analysis of
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the polycrystal. The bigger piece left was used as a target for the thin films. The other
half of the polycrystal was used as a target for the deposition of thin films.

5.2.2 Thin Film Deposition and optimization:
Different substrates (Si (111), SrTiO3 (STO), LAO, YSZ and SiO2) were used for
optimizing the growth of the thin films and the best growth was found on the STO
substrates. The XRD patterns for these depositions are shown in Fig. 5.2. The substrates
were first cut into rectangular pieces and then cleaned using acetone using an ultrasonic
machine. After drying, they were glued onto the substrate holder using a silver paste.
The base pressure of 4x10-4 Pa was achieved before switching on the laser. The laser
power of 2 J/cm2 was used for the deposition. The distance between the target and the
substrate was around 5cm. The films were deposited at the temperature of 450°C for 4045 minutes and were post- annealed at the same temperature for 15 minutes.
The XRD patterns of depositions on Si and STO substrates show the polycrystalline
Mn3Ge films. For the LAO and YSZ substrates, the secondary peaks of the substrates lie
at the same positions with some of the Mn3Ge peaks, but there are no other Mn3Ge
peaks to be seen.
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Figure 5.2: The XRD patterns for Mn3Ge depositions on different substrates. The top
panel shows the XRD pattern for the polycrystalline Mn3Ge powder obtained from the
prepared polycrystal. The other panels below that show the depositions on SiO2, STO,
LAO, YSZ and Si substrate.
Transport measurements were carried out on the Mn3Ge films deposited on Si substrate.
The variation in the resistance with the temperature shows the metallic behavior of the
films as shown in Fig. 5.3 (a). The MR ratio shows negative values for a wide
temperature range and becomes only slightly positive at higher temperatures (200K,
300K). The behavior of MR is interesting to note as it starts to become more and more
negative with the increase in temperature and reaches from 7% at 3K to 20% at 50K.
After this temperature, it starts to become less negative as can be seen for the curve at
100K in Fig. 5.3(b). At even higher values of temperature, it becomes positive. One
pass transverse resistance measurements were also taken as shown in Fig. 5.3 (c) with a
negative slope.
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Figure 5.3: The longitudinal and transverse resistance measurements for the Mn3Ge
film deposited on Si substrate. a) The variation of the longitudinal resistance with the
temperature for Mn3Ge film deposited on Si substrate shows a metallic behavior. b) The
magnetoresistance expressed as a percentage for the Mn3Ge film on Si shows negative
values for temperatures up to 100K and becomes positive at higher temperatures. c)
Single pass transverse resistance measurements for Mn3Ge film on Si substrate.
Another sample with the same deposition conditions and measurement protocol showed
a different behavior for these films. Although the resistance vs. temperature (RT) curve
still shows a metallic behavior but the shape is slightly different from the sample
measured above. This sample also shows a downturn in the resistance at around 50K but
shows some discontinuities at 200 K and 125 K as shown in Fig. 5.4(a). The start of
decrease in the resistance at 50 K is not as pronounced as in the previous sample shown
in Fig. 5.3. For this reason, the MR also shows a different behavior, with the values
becoming less negative with the increase in temperature consistently as shown in Fig.
5.4 (b). The single pass transverse resistance measurements now show an opposite
behavior in sense of the charge carriers. In Fig 5.4 (c), the transverse resistance
measurements show a positive slope.
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Figure 5.4: The longitudinal and transverse resistance measurements on another sample
of Mn3Ge film deposited on Si substrate. a) The variation of the longitudinal resistance
with the temperature for Mn3Ge film deposited on Si substrate shows a metallic
behavior like the sample in the Fig. 5.3. b) The magnetoresistance expressed as a
percentage for the Mn3Ge film on Si shows negative values for temperatures up to 100K
and becomes positive at higher temperatures similar to the sample in the Fig. 5.3. c)
Single pass transverse resistance measurements for Mn3Ge film on Si substrate shows
an opposite behavior in terms of charge carriers for this sample.
Different orientations of the single crystal or single crystalline films show the different
charge carriers involved. For the case of Mn3Ge, (0001) and (0110) directions show
negative and (2110) direction shows the positive slope for the transverse resistance
measurements [7]. For the case of polycrystalline depositions as in this case, this change
of the slope sign acts as an inconsistency in the results. Although the MR gave
interesting behavior with a large negative value that may point towards the reduced spin
fluctuations, the overall discordant behavior of the samples did not give an explicit
insight into the properties of the material. For this reason, the polycrystalline Mn3Ge
films deposited on STO were analyzed thoroughly as the samples did not display any
inconsistencies in their transport behavior.

5.3 Experimental Results for polycrystalline Mn3Ge films on
STO substrate:
5.3.1 X-Ray Diffraction:
A small piece of obtained polycrystal was powdered and XRD measurement was
performed. Figure 5.5 shows the XRD patterns for the powdered polycrystalline Mn3Ge
that matches perfectly with the hexagonal phase of the material. The films were glued
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onto the central lower part of the substrate holder with the help of adhesive putty and
the sample was then leveled with the sides of the sample holder with the help of a glass
slide to ensure that the X-rays fall directly onto the sample.

Figure 5.5: XRD pattern for bottom) polycrystalline powder top) Mn3Ge film on STO
(001) substrate.

5.3.2 Scanning Electron Microscopy:
The average thickness of the films was 120nm which was estimated by the SEM cross
sectional images as shown in Figure 5.6. The sample was cut using a diamond cutter for
the cross sectional microscopy analysis.
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Figure 5.6: Cross-sectional SEM image of Mn3Ge film on STO (001) substrate.
Figure 5.7 shows the EDX surface scans taken through the SEM showing the
concentration of different elements in the sample. Fig. 5.7 (a) shows the surface scans
that show a smooth and uniform film. The scanning area shown in the figure is 50
micrometers. The substrate gives a strong signal in the EDS analysis similar to the
simple XRD measurements. Compositional analysis in Fig. 5.7 (b) and 5.7 (c) also
provides a deeper insight into the composition of the films by calculating the average
ratio of Mn and Ge which is 3:1 in these samples. Carbon signal is also detected in the
EDS analysis which comes from the holder and the environment of the measurement.

Figure 5.7: a) Surface SEM image for Mn3Ge thin film deposited on STO. b) EDS
analysis for surface of Mn3Ge thin film showing the signals from the substrate and the
thin film. c) Compositional report from the EDS analysis of the surface scan of Mn3Ge
thin film.
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5.3.3 Electronic Transport Measurements:
Four terminal and six terminal gold contacts for longitudinal and Hall resistance
measurements (respectively) were sputtered onto the film using a sputter coater. The
films were attached to a puck using a double sided tape and contacts between the
sputtered contacts (on the films) and puck contacts were made using a gold wire and
silver paste.
5.3.3 (i) Longitudinal Resistivity:
For the thin films, the longitudinal resistivity(ρxx ) as a function of temperature (RT)

was measured in the range of 400 K to 3 K as shown in the Fig. 5.8. RT measurements

show a metallic behavior with the maximum value of the resistivity at 400 K (1.75x10-3
Ωcm) and the minimum value at 3K (1.02x10-3 Ωcm).

Figure 5.8: Change of the longitudinal resistivity with the temperature for the
polycrystalline Mn3Ge film on STO. The inset shows the contact geometry on the thin
film sample for the longitudinal resistivity measurements. (The magnetic field is applied
perpendicular to the plane of the film for the magnetoresistance measurements)

125

5.3.3 (ii) Magnetoresistance:
The change in the MR with the applied transverse magnetic field is shown in Fig. 5.9.
MR shows positive values for the temperatures up to 200K and becomes negative for
the higher temperatures. There is not a significant change in the value of MR (0.35%)
from 3-50 K, it starts decreasing significantly after this temperature and becomes
negative at the temperatures higher than 200 K. This is also reflected in the longitudinal
resistivity (measured in the absence of B), that remains unchanged from 50 K to 3 K.

Figure 5.9: MR of Mn3Ge thin film on STO at different temperatures with the change
in magnetic field.The MR is positive for the temperatures up to 100 K and becomes
negative at higher temperatures.

5.3.4 Observation of Anomalous Hall effect in Mn3Ge thin films:
The Hall effect measurements were carried out on thin films as a function of
applied magnetic field over a temperature range of 3K to 250K as shown in Fig. 5.10.
The Hall resistance was measured in a direction perpendicular to both current and the
applied magnetic field as shown in the inset of Fig. 5.10 (a). The Hall resistivity shows
a jump around zero magnetic field and curves exhibit a hysteresis with the saturation
values for the Hall resistivity (ρxy ) lying between 5x10-7 Ωcm and 1 μΩcm at 3K and

250 K. The magnitude of the hysteresis does not vary much for the temperatures up to
50 K. It, however, decreases sufficiently at the temperatures higher than 100 K. Figure
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5.10 (b and c) show the separated Hall resistivity for lower (3, 5, 10, 20, 50 K) and
higher (100, 200, 250 K) temperatures respectively.

Figure 5.10: Anomalous Hall effect a) The change in Hall resistivity with the applied
magnetic field. b) The change in Hall resistivity at lower temperatures up to 50K shows
the significant jump of 5x10-7Ωcm near zero field. However, the change remains fairly
constant for this range of temperature. c) The change in Hall resistivity at higher
temperatures show almost twice the change as compared to the lower temperatures.

5.3.5 Magnetic Measurements on bulk polycrystal:
Magnetic measurements on the polycrystal were performed in a Vibrating Sample
Magnetometer (VSM). The films were cut into smaller rectangular pieces to fit into the
VSM sample holder. The diamagnetic background signal of the substrate was subtracted
from the total signal to get the pure signal measurements from the films.
The temperature dependence of magnetization (MT) shows that the Tc for the
polycrystal is 350K. Negative magnetization was observed for MT curves when the
applied magnetic field was zero as shown in Fig. 5.11 (a). Normally this kind of
behavior in ZFC condition refers to some trapped field in the chamber [23, 24] but it has
also been reported originating from the exchange coupling between the small non-zero
moments (due to spin canting) of the sub-lattices of the AFM material [25, 26]. The
field cooled behavior shows the positive magnetization and the value of the magnetic
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moment increases at a higher applied field. Here, the measurement protocol for the
magnetic measurements was to cool down the sample in the absence of any externally
applied magnetic field (ZFC). A field was then introduced and the sample was warmed
in the presence of that field (FCW) and then cooled at the same field (FCC) MT curves
were measured for two values of applied field i.e. 0.2T and 1T. The magnetization was
also measured as a function of applied magnetic field (MH loops) as shown in Fig. 5.11
(b). The MH loops show a very soft magnetic behavior with a negligible coercive field
for all the measured temperatures. The spontaneous magnetization values are between
35 emu/cc (3K) and 12 emu/cc (350K).

Figure 5.11: a) Magnetization as a function of temperature (MT curves) for the Mn3Ge
polycrystal. The black curve shows the MT curve at zero field cooled conditions that
shows the negative magnetization below 350K. Field cooled cooling and warming (FCC
and FCW) curves taken with the applied fields of 0.2 and 1T are the mirror replicas of
the ZFC curve in the positive direction. b) Magnetization as a function of the applied
field for the Mn3Ge polycrystal at different temperatures with negligibly small
coercivity.
To get an insight into the AHE observed for thin films through the resistivity
measurements, we performed magnetic measurements to probe into its origin. The
magnetic measurements for the thin films, shown in Fig. 5.12, were performed in a
VSM. MH loops also exhibit hysteresis of the same order as shown by the Hall
measurements that points towards the presence of a weak FM moment. It is important to
note here that the coercivity exhibited by the bulk polycrystalline sample is lower than
the one observed in thin films. It is possible that the canting of spins becomes more
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pronounced in the thin film form that makes the ferromagnetic moment stronger as
compared to the bulk sample. The value of the magnitude of the magnetic moment
decreases from 90emu/cc (3K) to 30emu/cc (350K, 1T). The value for the hysteresis
and the moment have no significant change from 3K to 50K as also depicted by the
Hall, MR and RT measurements.

Figure 5.12: a) Field dependence of magnetization at different temperatures from 3K to
350K. b) Magnetization loops at temperatures from 3k to 50K show little change of the
magnitude and coercivity and a magnitude higher than those at the higher temperatures.
c) Magnetization loops at higher temperatures (100K to 350K). The magnitude of the
magnetic moment and coercivity becomes significantly smaller at higher temperatures.

5.4 Discussion on the origin of AHE in Mn3Ge Films:
The evolution of the understanding of the origins of anomalous Hall Effect has clarified
both its intrinsic and extrinsic origins. The intrinsic contributions to the AHE involve
the momentum space Berry curvature, also related to the topological nature of the band
structures. The extrinsic effects comprise of the skew scattering and the side jump
mechanisms resulting in the AHE in a material.
According to the theoretical understanding, the topological character of a WSM can be
simulated by the momentum space Berry curvature using the Kubo formula [27]
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Ωγn (k ) =
2i 2 ∑

un (k ) vˆα um (k ) um (k ) vˆβ un (k )
( En (k ) − Em (k )) 2

m≠n

Where n is the band index, En(k) and un(k) are the eigenvalue and the corresponding
eigenvectors for the nth band, vˆα ( β ,γ )= (1/ )∂H / ∂kα ( β ,γ ) with α,β,γ = x, y, z is the
velocity operator, and the summation runs over all filled bands. The momentum space
distribution can be found by calculating the Berry curvature vector Ω (Ωx, Ωy, Ωz).
Momentum space integration of Berry curvature Ωγ over the whole Brillouin zone
Gives the intrinsic anomalous Hall conductivity σγ

e2

d 3k

− ∫
σγ =
f (k )Ωγ (k )
3 n
 BZ (2π )
Where fn(k) is the Fermi-Dirac distribution function. Since Berry curvature Ωγ remains
preserved under mirror symmetry Mγ while reverse under the time reversal symmetry T,
the Ωy remains even under the My symmetry while the Ωx and Ωz become odd under
MxT and MyT respectively, i. e.,
M xT : Ω x → −Ω x
M zT : Ω z → −Ω z
M y : Ω y → +Ω y

As a result, the y component of the intrinsic anomalous hall conductivity remains nonzero while the x and z components become zero due to vanishing Brillouin integrals. As
the Weyl points act as the sources and sinks (positive and negative chirality) of the
Berry flux, the consistency of the symmetry analysis can be verified by momentum
space distribution of Weyl points. The Weyl points with positive chirality are located on
one side of the mirror plane while the ones with the negative chirality are located on the
opposite side of the mirror plane as shown in Fig. 5.13. The net Berry flux crossing the
My plane, results in a non-vanishing anomalous Hall conductivity. On the other hand, an
equal number of Weyl points on both sides of Mx and Mz, leads to a vanishing Berry
flux thus making the AHC zero for those directions.
The origin of the anomalous Hall effect can be understood by comparing the
magnitudes of the Hall resistivity change and the magnetization moment observed in the
thin films. The Hall measurements show a greater value of resistivity at the higher
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temperatures as compared to the lower ones. The value of the resistivity change is
around 5x10-7 Ωcm which starts to increase at temperatures above 100K and nearly
doubles in the magnitude. For the magnetic measurements, however, the value of
magnetization moment (with applied field close to 1T) is nearly 90emu/cc with little
change till 50K and starts to decrease after 100K and reduces to 30emu/cc at 350K.

Figure 5.13: Symmetries in the momentum space, MxT, My and MzT. If a Weyl point
appears at (kx,ky,kz), eight points can be generated by these three symmetries. (Figure
adapted from the reference [28])
Figure 5.14 shows the variation of the total Hall resistivity with the change in magnetic
moment (around zero field) at different temperatures. The magnitude of the Hall
resistivity increases with the decreasing moment at higher temperatures, while for the
lower temperatures, it remains almost constant when the magnetic moment is still
decreasing. This trend shows that major part of the Hall effect is independent of the
spontaneous magnetization and elucidates the role of Berry phase arising due to the
triangular AFM spin structure in this material that gives rise to the anomalous Hall
effect [12, 29].

131

Figure 5.14: The variation of the total Hall resistivity with the magnetic moment at
various temperatures. The total Hall resistivity and the magnetic moment do not show
any significant variation at lower temperatures (<50K). For temperatures higher than
50K, the total Hall resistivity increases with the decreasing moment.
The change in anomalous Hall resistivity and conductivity (ρAxy and σAxy )with respect to
their longitudinal counterparts (ρxx and σxx ) and temperature at zero applied magnetic

field were also analyzed in order to explain the nature of contributions to the anomalous
Hall effect. The anomalous parts of the Hall resistivity and conductivity were obtained
by zero field extrapolation of the curves.
The anomalous Hall conductivity was calculated by using the formula:
σAxy =

ρAxy

2

(ρAxy + ρ2xx )

As the longitudinal resistivity (ρxx) is much higher than the Hall resistivity, the change
in the Hall conductivity inherits more of its nature from ρxx.

5.5 The temperature dependence of Anomalous Hall
resistivity and conductivity:
Figure 5.15 (a, b) shows the temperature dependence of the anomalous Hall (AH)
conductivity and resistivity. The AH Resistivity has almost linear dependence on
temperature and it shows a small dip at 50K. The change in the Hall conductivity over
the measured temperature range is not significant, however, a little decrease in the AHC
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can be seen at the higher temperatures. It is important to note here that the anomalous
hall conductivities for our polycrystalline thin films are much lower than the one
reported for the Mn3Ge single crystal [9] for certain orientations. This follows from the
fact that the local environment in the polycrystal does not support all the spin triangles
(of the Kagome Mn lattice) to have same chirality under the applied field that can be
achieved for the case of single crystals. Experimental measurements generally may
deviate largely from the numerically estimated values for the AHC. An external
magnetic field is applied to align different magnetic domains for the measurement of the
anomalous Hall effect. The triangular configuration of the Mn spins can be rotated even
by a negligibly small residual magnetic field [30]. This alignment/ rotation of the spins
at an arbitrary angle, due to the applied magnetic field can break both My and Mx (hence
MxT) symmetry, leading to a non-zero AHC in the x and y directions. This is consistent
with the experimentally observed large values for certain orientations and negligibly
small values for the other directions [8].

Figure 5.15: Temperature dependence of a) Anomalous Hall resistivity b) Anomalous
Hall conductivity. The anomalous Hall resistivity increases with the temperature almost
linearly at temperatures higher than 50 K. There is no significant change in the
anomalous Hall conductivity with the temperature.
The AH resistivity and conductivity can be further broken down into the contributions
coming from the intrinsic and extrinsic effects. The scaling of
generally be carried out using the following:
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ρAxy and σAxy can

ρAxy = aρxx + bρ2xx
and

σAxy = aσxx + bσ2xx

(Where ρxx and σxx contains both temperature independent and dependent parts.)
Here, the terms with the first power of the longitudinal counterparts show the
dependence on skew scattering mechanism and the quadratic dependence may originate
from both intrinsic and side-jump mechanisms [31]. It has been a challenge to model the
contributions from the side-jump mechanism as multiple impurity contributors may
exist in a system including the roughness of the surface and the atomic vibrations of the
system itself. The electronic structure studies of the material and the behavior of the
Hall effect with the temperature is then helpful in determining the nature of the AHE.
Figure 5.16 (a, b) shows the variation of anomalous Hall conductivity and resistivity
with the square of their longitudinal counterparts at different temperatures.

Figure 5.16: Change in anomalous a) Hall resistivity with the square of longitudinal
resistivity b) Hall conductivity with square of longitudinal conductivity. (Pink lines
show the linear fittings)
The linear fittings on the plots shown in Fig. 5.16, in pink, show the quadratic
dependence of the anomalous part of the resistivity on the longitudinal resistance. For
anomalous Hall conductivity, there is a quadratic dependence on the longitudinal
conductivity at the higher temperatures. The slight decrease in the Hall conductivity at
higher temperatures discourage the possibility of side jump contribution becoming
relevant. This further strengthens the notion of the intrinsic nature of the anomalous
Hall effect in thin films that depends upon the Berry curvature of the electronic bands.
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5.6 Conclusions:
Polycrystalline thin films of Mn3Ge were deposited on STO substrates using PLD. The
target used for the deposition of the thin films was a polycrystalline sample that was
synthesized using a vertical zone furnace. The magnetic measurements on the
polycrystalline Mn3Ge sample shows a negative magnetization for the ZFC
measurements due to the exchange coupling between the small ferromagnetic moments
of the sub-lattices. Anomalous Hall effect was observed in polycrystalline Mn3Ge thin
films. The analysis of the anomalous Hall resistivity, conductivity and the magnetic data
of the thin films indicate that this is an intrinsic effect originating from the intrinsic
Berry curvature of the electronic bands in this non-collinear antiferromagnet. The
magnetoresistance has a small value of 0.35% which becomes negative at higher
temperatures. The Hall resistivity shows a higher value at temperatures higher than 50K
while the magnetization decreases at the higher temperatures. The coercive behavior of
the films indicate the presence of an expected weak ferromagnetic moment due to spin
canting.
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Chapter 6
Magnetic and Electrical transport properties
of Magnetic Topological Insulator MnBi2Te4
Thin Films
6.1 Introduction:
Topological insulators are a quantum state of matter with insulating bulk and nondissipative conduction channels at the surface that are topologically protected and are
unperturbed under the continuous deformations of the system. If a long-range magnetic
order is introduced in such a system, it significantly varies its electronic structure, as the
time reversal symmetry is broken and opens a gap in the otherwise gapless Dirac
dispersion of the surface states. This gap opening gives rise to the observation of
Quantum Anomalous Hall effect in a material due to the chiral edge channels arising as
a result provided that the Fermi level lies inside the gap. The observation of this effect
has been reported in thin films of magnetically doped topological insulators Bi2, Sb2
(Te3, Se3) [1-3]. The magnetic doping, however, lacks the precise control and a
naturally existing magnetic TI gives a chance of studying these topological transport
properties in pure compounds with uniform magnetic ordering and a large exchange
gap.
MBT has been reported to switch to a Weyl semi metal (WSM) in its ferromagnetic
phase and in the presence of a strong spin orbit coupling [4, 5]. The phase transition
from topological to a normal insulator contains a WSM phase in between [6] as also
explained in the earlier theoretical work of Murakami [6]. This observation has also
been reported for the theoretical studies on a related compound with similar structure
MnSb2Te4 [7]. This WSM phase generates a positive magnetoresistance in the
electronic transport studies. As the energy gap between the antiferromagnetic (AFM)
and ferromagnetic (FM) state of this material is very small, it can easily be tuned from
one state to the other with the change in the external parameters such as strain, fields, or
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voltages. Just like the AFM state, different number of septuple layers in the FM state
can render different properties [4].
MBT has a layered rhombohedral structure with stacked septuple layers (SL) of Te-BiTe-Mn-Te-Bi-Te belonging to the space group R3m. Mn (2+) ions, are responsible for
the magnetism in this compound with a magnetic moment of 5μB each. The structure of
one septuple layer is shown in Figure 6.1. Below the Neel temperature of 25K, the
spins are coupled in a ferromagnetic fashion within a septuple layer. The exchange
coupling between the neighboring SLs is antiferromagnetic [8].

Figure 6.1: Structure of a single septuple layer for MnBi2Te4. The Mn moments point
in opposite directions in the adjacent septuple layers.
Through the first principle calculations, many exotic phases depending upon the even
and odd number of SLs and quantum confinement effects, have been discussed for
MBT, including AFM TI, Type 2 magnetic WSM with one pair of nodes, intrinsic axion
insulator in even and QAH insulator in odd number of SLs. MBT being the first Van der
Waals AFM TI, is featured by tunable quantum size effects. Different symmetries in the
odd and even number of layered AFM MBT thin films, give rise to different topological
properties [9]. The topological invariant is non-zero for the odd number of layers and
zero for even [10]. The unique combination of magnetism, spin orbit coupling and
strong dependence of the electronic structure on the thickness makes this material a
playground both for theoretical and experimental research. The exchange gap due to the
magnetic order in this material is reported to be between 35 and 80 meV. Such a large
gap points towards the possible high temperature observation of QAHE [11].
Different studies on thin films, single crystals, atomically thin flakes and devices, have
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been performed for MBT with the observation of a Quantized Hall effect at lower
temperatures close to 2K [9, 12]. The films have been deposited using molecular beam
epitaxy (MBE) layer by layer and studied for different number of SLs [13-16].
In this work, polycrystalline thin films of MBT were deposited on STO substrates using
PLD technique. The thickness of the films was varied by varying the deposition times.
The microscopy and transport results for the samples with thickness around 42 nm (~30
SLs) and the comparison of the MR of these samples with a relatively thicker sample of
50 nm (~35 SLs) was made. The MR of the thinner sample shows a change from
negative to positive values with the increase in temperature, whereas for the thicker
sample, the MR remains negative for all the measured temperature values. The magnetic
measurements, with negative MR and an exhibition of anomalous Hall effect imply that
the films are in a ferromagnetic phase. Thickness dependence plays a major role in
determining the properties of this unique material [11], it requires attention as to what
phase might appear in the relatively thicker films of this material deposited through
PLD and what transport properties do they display. Most thin films of this material have
been deposited through MBE in the previous studies [17].

6.2 Growth of thin films:
Polycrystalline pellet of MnBi2Te4 was used as a target for the deposition of thin films.
Initially both Si (111) and STO were tried as the substrates for the deposition of MBT
thin films using PLD but single-phase films were found on STO substrates. The base
pressure before starting the deposition was 4x10-4 Pa and the laser power was set to
2J/cm2. The films were deposited at a temperature of 200°C for 35 minutes and were
post annealed at the same temperature for 10-15 minutes. Highly reflective and optically
smooth thin film samples were obtained as shown in Fig. 6.2.
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Figure 6.2: MnBi2Te4 film deposited on SrTiO3 substrate. Left side of the figure shows
the deposited MBT thin film on STO substrate with the substrate holding plate. Right
side shows the zoomed in version of the film on substrate.

6.3 XRD of polycrystal and thin films:
After the deposition of the films, X-Ray diffraction was carried out on the samples and
single-phase films of MBT were found as shown in the XRD pattern obtained in Fig.
6.3.

141

Figure 6.3: XRD pattern for: bottom) MnBi2Te4 polycrystalline powder and top) MBT
polycrystalline thin film on STO substrate.
The cross-sectional images through scanning electron microscopy were obtained to
determine the thickness of the thin films. The sample was cut using a diamond cutter to
get the cross section and was then prepared using Focused Ion Beam (FIB). The
equipment used for this was FEI Helios G3 CX Dual beam FIB-SEM. The sample was
prepared using a lift-out technique in which a small portion of the sample is taken and
thickly coated to protect the sample from depletion due to electron bombardment.
Figure 6.4 shows the FIB-prepared sample observed through a scanning tunneling
electron microscope. The thickness was also measured on the same instrument which
was around 40-45 nm as shown in Fig. 6.5.
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Figure 6.4: Cross-sectional image of the MBT film on STO on the sample prepared
using lift-off FIB technique. Thick coating on the sample protects the sample from
depletion.

Figure 6.5: The cross-sectional SEM image for MBT film on STO with the protective
layering on top to measure the thickness of the film.

To get a deeper look into the structure of the thin film, EDS and Tunneling Electron
microscopy (TEM) was incorporated using the instrument JEOL-ARM 200F. Figure 6.6
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shows the cross-sectional TEM image for the MBT film on STO substrate. The large
area scan of the cross-section is shown in Fig. 6.6 (a) with the bar in the figure
indicating the area of 200 nm. The light grey color shows the deposited MBT film and
grey below that shows the STO substrate. The zoomed in image of the interface
between MBT film and STO substrate is shown in Fig. 6.6 (b). Figure 6.6 (c and d)
show the TEM images for MBT film and STO substrate separately. Fig. 6.6 (c) shows
some dark patches that in the TEM image. This can be introduced from the poor
resolution of the image, but it should be noted that it may point towards some voids in
the deposited film. These voids, however, are not quite visible in the EDS scans of the
samples but this possibility still cannot be ruled out.

Figure 6.6: a) The cross-sectional TEM images for MBT film on STO substrate. b) The
zoomed-in image of the interface light grey part shows the MBT film and dark grey part
shows the STO substrate. c) Higher resolution TEM image of the MBT film showing
the layered structure of MBT. d) Higher resolution TEM image of the STO substrate.
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Figure 6.7: The EDS analysis for Mn, Bi and Te for a small area of the MBT thin film.

6.4 Transport Properties of MBT thin films
6.4.1 Longitudinal Resistivity
Longitudinal resistivity measurements were carried out on the samples using QDPPMS. The current was applied parallel to the plane of the films and the magnetic field
was perpendicular to the surface of the sample. The longitudinal resistivity results for
two samples are shown in the figures 6.8 and 6.9. The change in the resistivity for both
samples, from 50 K to 3 K, is shown in Fig. 6.8 with a slight change in magnitude but
the same trend. These measurements do not show a sharp transition, rather a smooth
upturn of resistivity below 20 K. As the Néel temperature of this material is reported to
be around 25 K, MR measurements were performed in the temperature range of 3-25 K,
with the applied magnetic field from -7 T to 7 T, as shown in Fig. 6.9. MR changes
from negative to positive as the temperature is increased. It takes on negative values at
3,5 and 7K, becoming slightly positive at 10 K and fully positive but low in magnitude
for 15, 20 and 25K. Such trend for the cross-over of MR has been observed before for
MBT thin flakes for parallel configuration of applied field and current [18].
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Figure 6.8: The change in resistivity for sample 1 and 2 with the temperature from 50K
to 3K. Both samples show an upturn in the resistivity below 20K.

Figure 6.9: The change in the magnetoresistance with the applied magnetic field for a)
sample 1 b) Sample 2. The MBT films show a negative MR at temperatures up to 10K
and become positive for the higher temperatures (15, 20 and 25K).
The negative magnetoresistance at lower temperatures indicates the suppression of the
spin scattering which is removed at relatively higher temperatures. At 10K, the MR
becomes slightly positive around zero field but is still negative as applied field has its
effect on the spin fluctuations. AT 15, 20 and 25 K, the change of MR from negative to
positive indicates a sort of a phase transition as is also shown in the RT measurements.
This transition, as mentioned earlier is not a sharp one rather seems a continuous
transformation from one phase to another with the change in the temperature.
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6.4.2 Magnetic Measurements
The magnetic measurements for the thin films, shown in Fig. 6.10, were performed
using a Vibrating Sample Magnetometer (VSM). The as obtained magnetization curves
at different temperatures are shown in Fig. 6.10 (a). The diamagnetic contribution from
the substrate was subtracted from the curves and the resultant curves are shown in Fig.
6.10 (b). The coercivity for the obtained curves does not vary much for all the measured
temperatures. However, the value of the moment decreases sufficiently from 3 K to 25
K from 125 emu/cc to 25 emu/cc. The value for the magnetization 15 K to 25 K does
not change significantly. For the MR measurements, this is the temperature range where
its magnitude becomes positive. The temperatures at which the MR is negative, the
value of the magnetic moment is much higher than the ones where MR is positive.

Figure 6.10: Magnetic moment with the change in applied field for MBT film at
different temperatures from 3K to 25K. a) The as-obtained data with the diamagnetic
contribution from the STO substrate. b) The magnetic data after subtracting the
diamagnetic contribution of the substrate and converting to emu/cm3 using the film’s
dimensions.

6.4.3 Transport Measurements on a thicker sample:
Some initial transport measurement results for the longitudinal and Hall resistivity for
the relatively thicker samples than before, are shown in Fig. 6.11. The deposition time
varies the thickness of the samples. The deposition time for the 42 nm thick samples
was 25-30 minutes. Fig. 6.11 shows the results for the samples with the deposition time
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of 35-40 minutes. Fig. 6.11 (a) shows the change in MR with the applied magnetic field
from -5 T to 5 T at different temperatures from 3 K to 25 K. The inset shows the MR
curve plotted separately for 25 K which is negative but appears to be positive in
comparison to the curves at lower temperature as the magnitude of MR is vanishingly
small. The MR stays negative for all measured temperatures up to 25 K unlike the
thinner samples in the Fig. 6.9.
The Hall resistivity measurements with the change in the applied magnetic field of up to
5 T are shown in Fig. 6.11 (b). The negative slope indicates that electrons are the
majority charge carriers for the thin films. The Hall resistivity starts to become flatter at
15 K and higher temperatures, as shown in the figure.

Figure 6.11: a) The change in the MR with the applied magnetic field at different
temperatures from 3 K to 25 K. b) The change in the Hall resistivity with the applied
magnetic field from 3 K to 25 K.
Spin flop transition in MBT with the increasing magnetic field manifests itself by
changing the magnetic order from AFM to CAFM or CAFM to FM. Although it is clear
from the longitudinal resistivity and magnetic measurements, that the sample is in a FM
state, however, it is important to note here that this is not driven by the a large magnetic
field. The factor to consider in this scenario is the thickness of the sample. This study is
on polycrystalline, much thicker samples as compared to thin films or thin flakes of
single crystals reported in previous studies.
The electrical and magnetic transport results show a ferromagnetically ordered sample
with a possible transition to a canted antiferromagnet in the higher temperature for the
thinner sample used in this study. However, this possible transition does not manifest
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itself definitively for the thicker sample, as seen by MR measurements. The observation
of an intrinsic anomalous hall effect also elucidates the FM character of the sample.
More detailed work on the thin film samples with various thickness may elucidate the
role of changing thickness into the magnetic and transport properties of this system.
However, the straightening of the Hall measurement curves at 20-25 K, and the value of
the MR decreasing sufficiently at 25 K, show that the transition temperature for this
material does not vary much with the thickness. For the relatively thinner samples, there
can be some transitions within the range of 3-25 K as shown by the MR of the studied
samples.

6.5 Conclusions:
Polycrystalline MnBi2Te4 films were successfully deposited through Pulsed laser
Deposition for the first time. The thickness dependence of the samples in terms of
transport properties remain relevant for the thin films just like much thinner samples of
few septuple layers. This gives an insight into the number of layers being an important
factor in transport properties despite of the range of thickness. For the thinner samples
in this study (42 nm), a crossover of magnetoresistance from negative to positive is
observed as the temperature is increased. For the thicker samples however, the MR
remains negative for the same temperature range. Cross-sectional TEM images show a
beautiful, well-defined interface with the layered structure of the film. The magnetic
measurements of the samples show a significant change in the magnetization with the
change in applied field at various temperatures. At 3 K, the magnetization values reach
125emu/cc and decrease to around 25 emu/cc at 25 K. The low magnetization values
correspond to the positive values of the MR and vice versa. More work on thickness
dependent thin films deposited through PLD may further expand the understanding of
the transport properties of this material.
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Chapter 7
Conclusions & Future Prospects
The development of energy efficient electronic technology has driven the research in the
field of topological materials. These materials possess protected states that prevent the
backscattering of electrons, eradicating dissipation, and enhance the transport and
switching properties as compared to a trivial material. Weyl semimetal phase can be
present both in magnetic and non-magnetic materials and display unique transport
properties like extremely high magnetoresistance and Anomalous Hall Effect. These
transport features provide a solid ground for the design of high quality device structures
with an excellent performance.
The interpretation of the experimental results from the transport behaviors of these
materials needs special attention and care as they can also generate from other factors
such as disorder, current jetting and temperature driven changes. The use of proper
scaling theories for the explanation of the experimental data helps in pinning the origin
of these unique properties.
This work provides a comprehensive study on the transport properties of various
topological materials including MoSi2, Mn3Sn, Mn3Ge and MnBi2Te4, in their bulk and
thin film forms. The effects of substrates on deposition and transport features on the thin
films have also been highlighted. The main discoveries of this work include the nontrivial nature of MoSi2 thin films exhibiting weak anti localization in their longitudinal
transport, the intrinsic origin of the anomalous hall effect in the polycrystalline thin
films of Mn3X (X=Sn, Ge) materials, with a large anomalous Hall conductivity in
Mn3Sn films, the deposition of MnBi2Te4 thin films using Pulsed Laser Deposition
technique. The transport features of these exquisite materials signify their incorporation
in a variety of modern electronic and spintronic devices. These properties can be
manipulated by external electric and magnetic fields, the choice of substrates and
varying thickness.
The study on the synthesis, characterization and magneto-transport measurements of
MoSi2 bulk and thin film samples reveal that the electronic properties of MoSi2 depend
on their composite formats, substrates and growth orientation. The highest MR value is
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exhibited by the sintered sample of bulk polycrystalline MoSi2.

The bulk

polycrystalline and single crystal sample show non-saturating parabolic MR which is
much larger than the thin film samples. The MR in MoSi2 thin film samples is different
from the bulk and shows different character for different orientations. MoSi2 (001)
orientation shows impurity driven linear behavior while (110) orientation shows SOC
induced weak anti-localization effects. A detailed DFT calculation identified spinmomentum locked surface states.
MoSi2 demonstrates tunable MR in both bulk and thin film samples depending upon the
interface effects between MoSi2 films and substrates. The thin films on Silicon are
oriented with uniform surfaces as compared to the ones deposited on the oxide
substrates because of the strain between MoSi2 films and substrates, which can alter the
electronic structure. This modification of electronic properties through interface
engineering can find important applications in tunable magnetic devices like magnetic
sensors. The nearly temperature dependent low resistivity in textured MoSi2 films
grown on Si substrates can be employed for the fabrication of low loss nano-electronic
devices after enhancing the mobility by gating or doping.
A finite transverse charge conductivity appears in the magnetic materials due to the
magnetic order of the material known as anomalous hall conductivity. It was thought to
be zero for antiferromagnets as there is no net magnetization present. However, the
berry curvature inside the topological materials along with the presence of certain
crystal symmetries leads to a non-vanishing anomalous hall effect. The hall conductivity
in these materials depend upon the distance between the Weyl points where the linear
bands cross.
Anomalous Hall effect was observed in polycrystalline thin films of non-collinear
antiferromagnet Mn3Sn deposited on Pt coated Al2O3. A large anomalous Hall
conductivity of 65 (Ωcm)-1 was exhibited by the thin films at 3 K that remained greater
than 60 (Ωcm)-1 at 20 K. The longitudinal conductivity (~104 (Ωcm)-1) lies in the regime
where the intrinsic contribution effects to the anomalous Hall Effect are dominant. The
anomalous Hall resistivity and conductivity decrease with the temperature dismissing
the possibility of AHE due to extrinsic contributions that generally become relevant at
higher temperatures. Polycrystalline bulk and thin film samples show the decrease of
the magnetic moment and the coercivity with the increase in temperature. A negative
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transverse MR is observed for thin films at all measured temperatures up to 350 K.
Anomalous Hall effect was also observed in polycrystalline thin films of Mn3Ge
deposited on STO substrate using a polycrystalline target. The analysis of the
Anomalous Hall resistivity, conductivity and the magnetic data of the thin films
indicates that this is an intrinsic effect originating from the intrinsic Berry curvature of
the electronic bands in this non-collinear antiferromagnet. The magnetoresistance has a
small value of 0.35% which becomes negative at higher temperatures. The Hall
resistivity shows a higher value at temperatures higher than 50 K while the
magnetization decreases at the higher temperatures. The coercive behavior of the films
indicate the presence of an expected weak ferromagnetic moment due to spin canting.
The exhibition of intrinsic anomalous Hall effect and large anomalous hall conductivity
in Mn3X series of polycrystalline thin film samples in this work can be utilized in
fabricating novel magnetic devices. Since the discovery of topological semimetals,
many materials have been studied theoretically and experimentally for their unique
transport properties. Now a new generation of devices based on these materials has
begun. Practical devices for storage and read-out with ultrafast switching need to be
made and commercialized using Magnetic Weyl semimetals. In this regard, fascinating
phenomena can emerge if the anomalous hall conductivity can be controlled and altered
by changing the relative position of Weyl nodes and Fermi level using electric fields. A
few proposals of Weyl based MOSFETS have been presented in theory [1] that need to
be taken to a next level by fabricating these devices after meeting the experimental
challenges, that can revolutionize the industry.
Another excellent future application is the spintronic devices based on these materials
using spin-to charge conversion. Although a few theoretical studies [2] have pointed in
this direction, experimental work on such device structures is lacking.
The discovery of the intrinsic magnetic topological insulator MnBi2Te4 has opened new
avenues for the devices based on the quantum anomalous hall effect. This work presents
the first fabrication of MBT thin films through pulsed laser deposition and its properties
in the films thicker than previously reported. It is observed that the thickness
dependence of the samples in terms of transport properties remain relevant for the thin
films just like much thinner samples of few septuple layers which shows that the
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number of layers is a crucial factor in transport properties despite of the range of
thickness. For the 42 nm thin films, a crossover of magnetoresistance from negative to
positive is observed with the increase in temperature. For the thicker samples, the MR
remains negative for the same temperature range. Cross-sectional TEM images reveal a
well-defined interface with the layered structure of the film. The magnetic
measurements of the samples show a significant change in the magnetization with the
change in applied field at various temperatures. At 3 K, the magnetization values reach
125 emu/cc and decrease to around 25 emu/cc at 25 K. The low magnetization values
correspond to the positive values of the MR, with the higher ones corresponding to
negative ones.
On the materials’ side, the Quantum Anomalous Hall effect that gives rise to
dissipationless transport due to the presence of spin polarized chiral edge states, needs
to be explored in Weyl semimetals. Experimental findings of such WSMs that can host
this quantum phase are still a big challenge.
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